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ADDENDUM

The representation of the atmosphere contained
beisee:. thez~ covers is designated wTHE ARDC MODEL ATMOS-
PHERE, i756" since it i3 in this Commond that these tables
2. 8 off.:izll; accopted and directive in all design pro-
blems.

T . &n altitude of 300 kileseters the basic
propertiaz cf this atrozphers ara the result of the com-
bined e. ort 5f the scientista and engineors listed in ths
pretacs whore Jull ackneiwledgercnts are accorded. Without
their help tlris representation weuld not have bsen pcasible.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6



Declassified in Part - Sanitized Copy Approved for Release 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6

PREFACE

Tne 1956 ARDC MODEL ATHMOSPHERE, defined and tabulated to 542,248 meters
or 1,850,870 feet in this Air Force Survey in Geophysics, has been prepared in
partial fulfillment of ARDC Technical Requirement 10-56. This MODEL is to be
used as the basis for engineering and design work performed within ARDC and by
its contractors, insofar as the work requires the use of a model representing

the average condition of atmospheric properties within the altitude limits of
this MODEL.

This {ODEL ATMOSPHERE is designed to be used for the same purposes as a
standard atmosphere. For some of these purposes the MODEL should serve in the
following ways:

1. As a reference atmosphere to be used in calculating flight performance
of aircraft.

2. As the basis for calibrating barometric altimeters, where observed
departures of atmospheric properties from the values of the MODEL
provide the means for computing altimeter correction.

As the basis for ballistic tables where the observed departures of
the atmospheric properties from the values of the MODEL provide the
basis of corrections to be put into gunnery and bombing computers.

L. As a time average of the actual physical conditions existing at
various altitudes for aircraft engineering and design purposes,
and for use in solving geophysical problems.

It should be emphasized, particularly in regard to item L, that this
MODEL most probably will never completely match the actual atmosphere, and may
only rarely approximate the average valiue at all altitudes eimultaneously.
While the properties at some altitude may exactly fit the values of the MODEL
at any .stant, the properties at other altitudes simultaneously may depart
drastically from tabulated values. The greatest percentage departures probably
occur at the higher altit' "~s. Maximum and minimum pressures at 120 km, for
example, may differ by as much as a factor of 3. Neither this MODEL nor any
other calculated model will accurately depict _the total atmosphere at any par-
ticular moment.

The tables and graphs of this MODEL approximate the best averags of avail.
able temperature, pressure, and density data, compiled and processed under Project
7603, “Atmospheric Standards." The tables are also congsistent with the recently
adopted Extension to the United States (ICAO) Standard AtmosphereSC,S51 (1956)
witich w3 prepared concurrently under the same project. Both are consist-
ent with the basic properties of the International Civil Aviation Organization
(ICAO) Standard Atmosphere26~28 adopted by the United States on November 20, 1952.

TR R
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We are especially indebted to two subconmittees of this Working Group:

The first subcommittee, consisting of Dr. H. Newell, Dr. H, Ealiman,
and Mr, R. A. Minzner, formulated the general aspects of the temperature-
altitude profile between 130 and 300 kilometers, and made reccrmendations
concerning the degree of dissociation of 0, and Np in this region,

The second subcommittee, consisting of Mr., L. P. Barrisor, Mr. W. J.
O!Sullivan, Mr. W. Scholl, and Kr. R. A. linzner, studied some of the aspects
of the following atmospheric properties: coefficient of viscosity, kinematic
viscosity, and the speed of sound. This subcormittee recommended departures
from the ICAO values of these properties and thereupon suggested values of
constants, eapirical expressions, and maximm altitude of tabulation for these
properties.
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senwine who in the capacity of Executive Secretary handled a flood of detail,
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needwo
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ABSTRACT

A realistic model of atmospheric properties based on reliable observa-
tions and current theories is presented.

Fifteen atmospheric properties are discussed and tabulated, thirteen
to 5CO km and two to only 90 km. The values of these prcperties are inter-
nally consistent through classical equations, and are dependent upon 1), a
defined, linear, segmented, molecular-scale temperature function, (2) a mol-
ecular weight function, and (3) an acceleration of gravity function. Values
of twelve physical constants required in the conputations are adopted as
exact., Internmationally agreed-upon, exact transformation factors are employed
in converting from Metric to English units., Both Metric and English tables
are presented, and computational procedure is discussed. A thorough discus-
sion of geopotential altitude, effective radius of the earth, and molecular-
scale temperature is given. The relative virtues and validity of two methods
for camputing the acceleration of gravity are discussed. The concept and
validity of the various properties as applied to high altitudes are considered
briefly.
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THE ARDG MODEL ATMOSPHERE
1956 ]
(Tables and Graphs for Altitudes to 542,686 Meters or 1,850,870 Feet)

/

1. Introduction
1.1 Background and Early History of Standard Atmospheres

Standard atmospheres have been used for nearly a hundred years for
altimetry purposes. The earliest of these were very simple and were based on
an isothermal atmosphere. With the development of aircraft and precision artil-
lery during the First torld War, 1914-1918, the necd for more extensive atmos-
pheric tables for aeronautical and hallistic purposes became apparent. Atmospher-
ic temperatures were measured at various locations in southern and western Europe.
Several functions approximately fitting these temperature data were proposed and
used in various countries for deriving an analytical expression for atmospheric
pressure and density. No generally agreeabla function was proposed, however,
until 1919 when Toussainth suggested a segmented straight-line function as the
basis for an international standard. Toussaint's temperature function was de-
fined by a value of 15 degrees Celsius (°C) at sea level, a constant gradient of
=.0065¢C per meter from sea level to 11,000 meters, (m),(yielding =-56.5°C for
11,000 m), and a constant gradient of zero degrees per meter from 11,000 m to
20,000 m altitude.

1.2 First U. S. Aeronautical Standard Atmosphere

The Toussaint formula with minor varialions has remained the basis
for all major aeronautical standards prepared for the 0 - 20 km altitude region.
These include the first United States Standard Atmosphere prepared by Greggél in
1922, and the modification, extension, and amplification of the Gregg standard
prepared- by Diehlllt in 1925, Neither of these agreed exactly with the Toussaint
proposal, however: Gregg terminated his amalytically derived atmosphere at
10 km altitude although he presented observed data to 20 km; Diehl extended the
analytical atmosphere to 20 km but established the tropopzuse a2t an altitude of
10,769.23 m (65,000 ft) with a temperaturs of -55°C, instead of at 11,000 m and
-56.59C, as suzgested by Toussaint. Thus Diehl!s stratosphere, 10,769.23 m to
20,000 m, was warmer by 1.5°C than that used by Toussaint.

Brombachers> amplified the Gregg Standard Atmosphere in 1926 and
again in 1935 by adding tables of altitude as a finction of pressure for altimetry

purposes.
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1.3 First International Standard

In 192l the Internation=l Committee on Air Navigation (ICAN)29 preparcd
an interrational standard atmosphere based exactly on Toussaintls temperature-
altitude function. This standard was adopted throughout most of Europe. It was
never adopted formally by the United States, however, because of two small but
basic differences between this and the Diehl-U. S. Standard.

Tn addition to using different altitudes and temperatures for the tro-
popause, the ICAN and U. S. Standard also used different values for the acceler-
ation of gravity at sea level, 9.8 and 9.80665 respectively. These differences
prevented United States and European agreement on a standard atmosphere until
1952 when a new international organization, ICAQ, reached a ceompromise.

1.4 ICAO Standard Atmosphere?o-- New U. S. Standara?®27

Between June 1950 and November 1952 the International Civil Aviation
Organization (ICA0), of which the United States was a member, proposed and
adopted a compromise standard atmosphere in which the United States standard sea-
level value of gravity, and the ICAN values of tropopause altitude and troropause
temp erature were employed. This ICAO Standard Atmosphere was formally adopted
a3 the United States Standard Atmosphere by NACA vote on 20 Hovember 1952.

1.5 High Altitude Models -- Warfield, Grimminger

The activities of ICAQ emphasized international agreement and refine-
ment of atmospheric tables within the altitude range of existing standards; i.e.,
sea level to 20,000 meters altitude. The ICAO did not concern itself with high
altitude tables. The advances in aeronautics and ballistics during and since
World War II resulted in demands for atmospheric tables to much greater altitudes.
In 1947 these demands were mebt in part by Warfield's uPentative Tables for the
Properties of the Upper At.mosphere“52 which depicted the atmosphere to 120,000
meters altitude and which were designed to be a continuous extension of the
tables of the Diehl-U. S. Standard# st 20,000 m altitvde, The Warfield tables
were based on the best 1946 estimates of atmospheric temperature, and considered
the variations of molecular weight of air and the acceleration of gravity with
increasing altitude.

The 120 km altitude upper limit of the Warfield tables was inadequate,
however, even before the publication of the report, and Grimminger 2 in 1548
published tables of atmospheric properties to altitudes of cver 8,800 km. These

tables were essentially in agreement with the Warfield tables up to 120 km and
were based on the best 1947 theoretical and experimental data.

iy s oy,

1.6 New Data from Rocket-Borne Experiments

Simultaneously with the preparation of the Warfield and Grimminger
tables, a new research tool, the upper air sounding rocket, was beginning to be
exploited. This new device permitted making measurements of the atmosphere by
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direct probing methods .ot previously possible. The new data compiled in 1952

as the Rocket Panel AtmospherellS indicated that pressures in the Warfield and
Grimminger tables were 2 times higher than observed at 70 lm, 5 times higher than
observed at 90 km, and over 10 times higher than observed at 120 km. These dis-
crepancies, plus the fact that the Warfield tables were not continuous with the
newly adopted ICAO Standard, initiated the preparation of this extension of the
ICAO Standard to high altitudes.

1.7 Extension te the Standard Atmosphere

In November 1953 the Geophysics Research Directorate, Air Force Cam-
bridge Research Center, of ARDC, USAF, together with the U. S. Weather Bureau 17
sponsored a three-day "Cpen Mccting on Extensions to the Standard Atmosphere.®
Standard atmosphere requiregents and scientific data supporting various models
were presented. Brombacher® presented a Standard Atmosphere proposal which was
not accepted because of an unrealistic stratosphere and because the constant
gravity assumption employed was inconsistent with the ICAO Standard and this
assumption introduced errors in the analysis. A Working Group on Extension to
the Standard Atmosphere (FGESA) was appointed to recommend the temperature-
altitude profile and other constants necegsary for the preparation of the desired
extension.

The discussions of the first meet‘,ingl8 of the VWorking Group dealt prin-
cipally with the temperature-altitude profile in the 20 to 53 kilometer region,
Temperatures were also recommended for the region between 53 and 83 km, although
these were replaced by slightly different values at a later meeting. Recommen-.
dations were also made at this first meeting regarding the atmospheric properties
to be included in the standard. Differences of opinion existed on the manner
of accounting for variable gravity, and some conflicting recommendations resulted
from this meeting.

The task of preparing the text and tables for the extension to the
Standard Atmosphere was assigned to GRD (Geophysics Research Directorate). The
recommendations were studied, and Minzner 40 prepared a paper, “Three Proposals
for U, S. High Altitude Standard Atmosphere," which was pressnted at the second
meeting19 of the VWorking Group. Each of the three proposals suggested a dif-
ferent method for handling the acceleration of gravity and molecular weight as
variables in the hydrostatic equation. Only one of these three proposals was
consistent with the ICAQO Standard Atmosphere and that one, using geopotential to
account for variable gravity, and molecular-scale temperature to account for
variable molecular weight, was adopted by the Working Group.

Preliminary tables of atmospheric properties to 130 km,hl prepared at
CRD, were tertatively adopted at this meeting. These tables were consistent
with the temperature-altitude function to 83 km recommended by the Working
Group and consistent with the temperatures of the Rocket Panel Atmosphere above
this altitude. A subcommittee was appointed, however, to make recommendations
concerning molecular weight and temperatures for extending the Standard Atmos-
phere to 300 km altitude.
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This subcommittee met with several consultants and then agreed upon
certain boundary conditions for oxygen and nitrogen dissociation, as well as
for atmospheric temperatura. Using these boundary conditions and all the
available atmospheric pressure, temperature, and density data above balloon
altitudes, two separate proposals were prepared, one at Rand Corporation3h:35
and the other at GHD.

The Rand proposal assumed a density-altitude function and a molecular
weight gradient arbitrarily related to this density function. From these, there
was derived a nonlinear temperature-altitude profile with no discontinruous first
or second derivatives.

The GRD proposal, in keeping with previous Vorking Group recommen-
dations, assumed several constani gradients of molecular-scale tempereture for
as many altitude regions. These gradients were chossn to yiscld values of pres-
sure and density consjstent with the average of observed values of these proper-
ties below 160 km altitude, and consistent with current estimates of these
properties at bigher altitudes. Molecular weights39 were computed from diffu-
sion theory and the agreed-upon boundary conditions. The GRD proposal was
adopted at the third and final meetingeb of the Vlorking Group.

A summary of the adjusted recommenda1’.1'.onsl‘7 resulting from the three
meetings of the WGESA was prepared. A supplemental set of recommendations
on previously unresolved questions was also prepared. Within the framework
of these recommendations, this ARDC MODEL ATHMOSPHERE and the Extension to the
U, S. Standard Atmosphere have been prepared.

2, Systems of Altitude Measure and Related Parameters

In accordance with agreements concerning publication of international aero-
logical tables30 and in keeping with the existing United States (ICAO) Standard
Atmosphere, the basic altitude parameter of this MODEL is taken to be geopo-
tential H, expressed in standard geopotential meters, m'. Supplemental to the
existing (ICAO) United States Standard, this MODEL has been prepared with
parallel tabulations in integral values of both geopotential and geometric
altitude measure so that the values of tabulated properties are given for both
integral geopotential and integral geometric kilometers.

(-]

The relationship between geopotential and geometric altitude depends
directly upon the value of the acceleration of gravity at sea level at a par-
ticular altitude and upon the variation of the acceleration of gravity with
altitude and latitude. The definition of the special unit of geopotential used
in this MODEL is also related to the specific sea-lesel value of gravity,
adopted by ICAO and used in this MODEL, Therefore, a digression is made to
present a detailed discussion of the acceleration of gravity before geopotential
is discussed further.

e ]
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2,1 Acceleration of Gravity
2.1.1 Sea-level value

The sea-level value of the acceleration of gravity used in
this MODEL is defined to be 9,80665 m sec=2 exact’* . This value was originally
announced by Defforges and Iubanskil3 at the 1891 meetings of the International
Conmittee on Weights and Measures as the best valuc for 4SC iatitude. Since
then, it has been used by physicists and others as an arbitrary standard and
was receptly adopted as an international siandard in the ICAQ Standard Atmos-
phere. It has long been recognized, however, that this valve of g Es not correct
for 45° latitude but rather is the value for 4SO 32! LO" latitude.,l’ This cor-
rected latitude is the one to which all tables in this MODEL apply.

2.1.2 Altitude variation - classical expression

The variation of the acceleration of gravity with geometric
altitude is classically expressed by the equation

- g 12
g %[W ’

g = the acceleration of gravity of a point (inm sec"z) »
Z = the geometric altitude of the point (in m),

gg = the sea-level value of g at the latitude @ of the point
(in m sec~?), and

Ty = the radius of the earth at latitude § .

In its fundamental form this equatiocn applies rigorously only for a nonro-
tating sphers composed of spherical shells of equal density. The earth, how-
ever, is definitely not spherical; furthermore, its rotation introduces cen-
trifugal acceleration which varies with latitude and which increases with
altitude. The sea-level value of the ceatrifugal acceleration at any selected
latitude may be accounted for, in equation (1), by the proper choice of an
effective value of gg. The increase of centrifugal acceleration with increas-
ing altitude is not accounted for in the simple wnadjustcd inverse square law,
which describes only the decreasing Newtonian component of the effective value
of g. Hence, values of g ccmputed from equation (1) become increasingly in-
accurate as altitude increases. An adjustment of the value of r¢ to an effective

£ Basic constant
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radius, however, was found to greatly improve the validity of that equation even
at altitudes as great as 500 km.

2.1.3 Effective earthfs radius

Harrison23, using a suggestion by Lambert37, developed an ex=
pression for an effective earth's radius as a function of latitude, This ef-
fective radius is derived in a manner consistent with the effective sea-level
value of g at latitude @ , and consistent with the vertical gradient of g at
the given latitude (neglecting local anomalies), assuming the International
Ellipsoid represents the figure of the earth. The value of effective earth's
radius at 45° 32! LO®, computed from Harrison's equation (given in Appendix M)
is

r = 6,356,766 meters
which, for purposes of this MODEL, will be considered as an exact constant.

.2.1.h Computational equation

The exact form of the equation used to compute the acceleration
of gravity and to relate geopotential to geometric altitude in this HMODEL is

g = 8 [ I ]2 ’ (1a)

g = the acceleration of gravity in meters per second squared,
(m sec~2) at altitude Z and at latitude L5° 32! LO", hereafter,

8o = 9.80665 m sec‘z(exact)’{ , the sea-level value of g at 45® 327 Low
latitude, and

r = 6,356,766 m (exact)’l , the effective earth's radius at latitude
L5° 32t }on,

(For purposss of this MODEL, this equation is assumed tvo apply in free air
below sea level as well as above sea level.)

2.1.5 Best available analytical expression

A more exact equation for g as a function of Z and @ in free
air, based directly on the International El%iggoid and the International
Gravity Formula, was developed by Lambert36538 in the form of an infinite,

/# Basic constant

2 i
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alternating power series (see Appendix.N). The values of g computed from equa-
tion (la) are in good agreement with those computed from Lambert's more exact
equation. For ar altitude of 500 km the value of g from the two methods differs
only by 3 parts in the fifth significant figure, or less than 1/1000 of 1 per
zent, For lower altitudes the agreement is much better. Values of geopotential
computed for specific values of Z on the basis of equation (1a) are also in
good agreement with corresponding values of geopotential computed on the basis
of the more exact equation for g. The percentage departures are similar. The
more exzct expression for g was not employed in this MODEL because of its much
greater complexity. In the U, S. Standard Atmosphere, the tables will be
recomputed by machine and will be based on the more exact equation,

2,2 Relation of Geopotential to Geometric Alt;tudo
2.2,1 Basic definition of geopotential

The geopotential of a point is defined as the increase in
potential energy per unit mass lifted from mean sea level to that point against
the force of gravity. /

2,2,2 Analytical development
The increase in potential energy of a body lifted against the
force of gravity, from sea level, through a vertical distance to a given point
is:
AE = [mgaz, (2)

whera

AE = increase of potential energy over the sea-level value, in joules,

m = mass of the body in kilograms, kg.
The geopotential of that point AE/m is therefore:

A_ml‘i -fgdz. (2a)

If geopotential is given a special designation, H, with special units, we
have:

Gﬂuémg-fgdz,

GdH = gdZ,
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H = geopotential (in unspecified units), and
G = a proportionality factor depending upon the units of H.

then H is in units of Joules kg"l or equivalently in n2 sec"a, @ is nondimensional
and unpity. If H is expressed in some other units, standard geopotential meters
for example, the value and dimensions of @ must be correspondingly changed.

2.2.3 The standard geopotential meter20~28

The basic unit of geopotential employed in this MODEL is the
standard geopotential meter where one standard geopotential meter, m!, is de-
Tined to be an increment of potential energy per unit mass equal exactly to

9.80665 joules kg=t (or m? sec™L); i.e.,
1 mt! = 9,80665 n? gec™2 (exa.ct)? (3)

It is evident from equatioz%(Zb) that if H is expressed in m', G is equal

to 9.80665 mé sec=2 m'=l, One standard geopotential meter is therefore the
vertical distance through which cne kilogram mass nust be lifted 2geinst the
force of gravity to increase its potential energy by 9.80665.joules. If a reglon
existed where the value of the acceleration of gravity were constant at

9,80665 m sec=2 over an altitude interval of one geometric meter, in this region
one geometric meter and one geopotential meter would then be exactly equal, This
condition is very closely approximated at sea levelab Lo° 32t Lo latitude. Since
g normally doec decrease with altitude, however, even over a one meter interval,
an aliitude of one geometric meter at this latitude has a gecpotential altitude
of slightly less than 1l m!, (sce table in Section 2.2.5). Above sea level, at
all points where the altitude gradient of g is continuously negative from sea
level, the altitude in standard geopotential meters is always mmerically less
than the altitude in geometric meters, and the numerical difference increases
with increasing altitude.

2.2.4 Standard geopotential kilometer and standard geopotential
centimeter

The basic concept of the metric system of units leads directly
to the conclusion that one geopotential kilometer, lm?, is equal to one thousand
geopotential meters; i.e.,

1 km! = 1 x 103 m', (3a)

% Basic conversion of units

/4 Derived constant, inferred from transformation of units

Y2 iianatt W tondl rq,;’m?m‘.\. e -~
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Alss, it follow that one geopotential centimeter, cm!, is equal to one one-
hundredth of a geopotential meter; i.e.,

lemt! =1lx 10-2 mt, (3v)

(Em)a em! may also be defined in cgs units directly by analogy with equation
3),

1 cm? = 980,665 ergs gm"l = 980,665 cm? sec™2 = 01 mt, (3¢)

vhere
980,665 is the numerical value of g, in the cgs units.

2.,2,5 Conversion of standard geopotential neters to
geometric meters

The replacement of g in equation (2b) by equation (la) results

-8 @

= geopotential in standard geopotential meters, m!,
= geometric altitude in m,

G = 9.80665 me sec™2 m"'l(exact)",

gy = 9-80665 m sec™ (exact)",

r = 5,356,766 m (e.xact)/.

Performing the indicated integration leads %o

[SO] rZ
BE=|lglsv7

# Basic constant
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The ratio gQ/G appearing
vhile its dimensions are m!/m.

Using equation (5),
me sec"z, as well as in standard geopotential meters, have been prepared for

specified geometric altitudes.

in equations (4), (5), and (6) is numerically unity
Henee wirile the ratio go/G may be ignored for
numerical purposes, in this MODEL it must be retained in a dimensional analysis.
(The definition of the standard geopotential meter was in fact chosen to make
the ratio go/G numerically unity for the case when gq

standard sea-level value of gravity in the ICAO Stand

= 9,80665 m sec"a, the
ard Atmosphere and in this

the following tables of geopotential in

Geometric
Altitude
VA

Geopotential

AE/m

H

Differences in
Values of H

m2 sec"'2

9.806,648,45 x 10°
9.806,63k,56 x 10*
9.806,495,72 x 10
9.805,107,53 x 10°
9.791,247,11 x 10%
9.65l,768,23 x 10°
.55, 771,23 x 10°
8.173,638,99 x 10°

r! by equation (5)
.999,999,839 x 100
.999,998,423 x 10%
.999,98L,265 x 10?
.999,8L2,719 x 103
.998,1429,339 x 10l
.981,512,367 x 105
163,539,663 x 10°
.86l,070,707 x 107

Fquations (L) through (6) do not represent the only possible

equations for converting geometric measure to geopotential measure,
equation (2d) is the fundamental and rigorously correct equation for convert-
ing geopotential measure to geometric measure, equations (L) through (6) are
only as good as the expression for g introduced into equation (2d). A more
precise expressicn for g is discussed in Appendix N. d

While

This expression is an

Evalu-

.
n .
e e Tt |

alternating infinite-power series in terms of latitude and altitude.
ating this expression for latitude 45° 32! LO" and introducing it into equation
(2d) yields another alternating power series as the expression for H in terms of Z.
The departures of the result of equation (5) from the results of this more exact
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method are small., The differences in the values of H computed by both methods
for 4E© 32! LO" Jatitude are given in the above table. For altitudes of 1 x 10
meters and below, the number of significant figures limits difference determin-
ations, For altitudes above 8 x 10° meters, the number of available terms in
the series limits thc difference determinations. From these results it is
obvicus, however, that for practical applications, at least, equations (L) and
(5) are quite adequate.(See appendix P)

2.2.6 Other special units of geopotential

Two other special units of geopotential, neither of which is
employed in this MODEL, preceded the standard geopotential meter. _Thc geodynamic
neter, the first_of such units to be used, was defined by Bjerknes? to be equal
to 10 joules kg"’l, Thus a geodynamic meter differed in magnitude from a geo-
metric meter by about 2% at sea level.

The second special unit of gropotential to be introduced, and
the one generally used by meteorologists, is the gecpotential meter?3s32 equal
to 9.8 joules kg=1 or 9.8 m2 sec=2, This latter unit was defined on the baeis of
a sea-level value of g equal to 9.8 m sec™®, The numerical differences between
altitudes measured in geopotential meters and the same altitudes expressed in
standard geopotential meters are small, of the order of 1/10 of 1 per cent, and
in many instances may be neglected.

2.2,7 Analytical usage

Geopotential has its greatest appeal, for use in this MODEL,
from an analytical point of visw, because it is a parameter involving both g
and 2, and hence its use reduced by one the nmumber of variables in the differ-
ential form of the barometric equation relating the basic atmospheric properties
of this MODEL. This reduction in the number of variables comes without requiring
the errcneous assumption of constant acceleration of gravity, used in some of
the earlier standards. (The constant gravity assumption would result in a
computed pressure which, at 500 km, is LO per cent lower than one finds when
variations in gravity are accounted for.) This pressure discrepancy is equivalent
to an altitude discrepancy of L2.6 km at 500 km. If variable gravity is retained
in the hydrostatic equation explicitly, rather than being concealed in the geopo-
tential altitude, the algebraic expression resulting from the integration of the
hydrostatic equation is excessively complicated.

3. Basic Atmospheric Properties of the MODEL

The basic properties of this ARDC MODEL are thosce properties rigorously
related by the hydrostatic equation and the equation of state (perfect gas law).
These are pressure, density, and the ratio of temperature to molecular weight of
air (which will be expressed in terms of molecular-scale temperature). Defining
the altitude function of any one of these properties specifies the remainder of
these basic properties in any model, In this MODEL, according to custom, the
temperature function is the defining property.
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3,1 Molecular-Scale Temperature

The property, T/H,

atmoopheric equations,

ratio in

titudes becauses:

Qe

b'

lating pr
since within the altitude =

level value, M.
models and standards
hence the increased complexi
variable was not a problem.

solved by defining a new property,
it'is a function of T/M and is equa

M.

suggested as the basic parame

counts for variations in M without

ecular-socale temperature is b
rocket experiments when variat

|

i \."

|
|

are conveniently handled as an entity becau

In fact, the occurrence is so frequent and so
fundamental that all so-called atmespher
successfully used in rockets to datg measure

The combining of the two var
of particular convenience in the computation of atmospheri

The introduction of T/H,

the differential form of the barometric
gration and resulting algebraic ccmputatio
irdependent functional relationships are used,

Until recently, aerolegists have not been

essure-altitude gradients or speed of
egion of their concern

of in terms of T alone solves the probl
problem of consistency with existing staadards.
the molecular-scale temperature,

1 to T at all altitudes where M is equal to

The molecular-scale temperature,
ter for the Standard

which combines the ratio of two fundamental variables T/M with a constant in

such a manner that Ty is equal to T

are unknown and hence neglected, HMolecular-
tion and redefinition of Whipple's Tﬁ
Analytically Ty is defined by the fo

P .4 -
s Ty B

|

and Its Development

3.1.1 Ratic of temperature to molecular weight, T/

is a composite of two variables which

se of the frequent occurrence of this

ic.-temperature measuring experiments
?/M, ratner than T independently.

jables into a single parameter is
¢ tables to great al-

The values of T and ¥ have not been independently measured
above 90 km with any degree of reliability; and

as a single function of H, into

equation greatly simplifies the inte-
nal equations over the case when two

concerned with re-
sound etc., to the ratio T/X,
(below about %0 km), the
remain essentially constant at its sea-

molecular weight of air, M, is known to

For the same reason, the preparation of tables of atmespheriec
did not require the coasideration of Y as a var
ty of equations resulting from considering Ma

Defining the atmosphere in terms of T/} instead

iable; and

em of cémplexity but introduces the

This consistency problem is
such that

3.1.2 Molecular-scale temperature concept

Ty, which MinznerhOslL
A}gmosphere, is a parameter

wherever M = M,, and simultaneously ac-

specifying its functional variation. Mol-
hat temperature derived from esgentially all
ions in moleculer weight from its sea-level value

scale temperature is an am%ifica—
in the Rocket Panel Atmosphere,

owing equation:
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Ty = ()% »

T = temperature (kinetic) in the absclute thermodynamie
scales, *

TM = molecular-scale temperature in the absolute themo-'
dynamic scales,

M = molecular weight (nondimensional),

M = sea-level value of molecular weigh to
© 28,966 (nondimensional, exact)?z' g:ﬂ?ﬁ%
(See scction 5.1.)

The use of Ty in the ARDC MODEL retains consistency with the¢ existing United
States Standard Atmosphere, since over the altitude region of the Standard
(0 to 20,000 m') as well as to considerably greater altitudes, the ratio of
Ho/M is unity;.and hence Ty = T for these altitw:as.

3.1.3 Form of altitude function of molecular-scale temperature

}Molecular-scale temperature is the key or defining property
of this MODEL, in that the specification of the variation of Ty with altitude
simultaneously ard completely establishes the altitude variation of more than
half of the fiftcen properties of this MODEL. (The determination of the re-
maining properties requires a definition of the altitude variation of molecular
weight above 90 km in addition to the altitude variation of the molecular-
scale temperature.)

In accordance with precedent26'28 and by agreement of the
Working Group on Extension to the Standard Atmosphere,l8 the temperature param-
eter cf this MODEL is defined to be a continuous function of altitude consist-
ing of a consecutive series of functions linear in geopotential H, whose first
derivatives are discontinuous at the intersections of the linear segments.
Tho use of such a function'implies that the atmosphere is made up of a finite
number of concentric layers, each layer characterized by a specific constant
value of the slope of the temperature parameter with respect to altitude. This
slope will hereinafter be referred to as the gradient. The following is the
general form of each segment of the function:

Ty = (Ty)p + Ly(E = Hy), (8)

Sesigone Nabins §

Py

DY pe oy )
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= geopotential altitude in m?,

= the molecular-scale temperature in %K at altitude H,

= the gradient of the molecular-scale temperature in terms
i.e., 3T/ aH, in OK mi=1,

of geopotential altitude;
constant for e particular layer,

geometric altitude in m! at the base of a particular
layer characterized by a specific value of Iy, and

(TM)b = the value of Ty at altitude By,

3.1.k4 Kelvin or absolute temperature scale

In agreement with Resolution 16} of the 1947 meeting of the
and consistent with the ICAO
Standard Atmosphere, the absolute temperature in degrees Kelvin of the melt-
pressure of 1013.25 mb (or 101,325,
Temperatures on the absolute

International Meteorological Organization,3Ll

ing point of ice subjected to atmospheric
newtons m=2) is taken®* to be T; = 273.16°K.

Eelvin scale are related to temperatures on the Celsius scale

tionship:

T(°K) = Ty + (%),

whére

Ty = ice-point temperature, 273,16°K (exact)’{,
t(°C) = temperature in the thermodynamic Celsius scale.

The magnitude of Kelvin degrze and the Celsius degree are equal and hence tem-
perature gradients are numerically the same in both systems,¥*

by the rela-

The Tenth General Conference on Weights and IJIeasuresl‘?’h8
273.159%K for t; but this value will not be used in this MODEL.,

For relations between the two metric and two English temperature scales
engineering fields refer to Appendix C.

commonly used in scientific and

Basic constant
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3.1.5 Specific altitude function of molecular-scale temperature

In accordance with the ICAO Standard Atmosphere, (T ;o’ the
sea-level 7alue of Ty, is taken to be 15°C (exact) or 288,16°%K (exac¥ by
equation (9). This sea-level temperature plus the values of Iy, and the extent
of the respectively associated layers ccmpletely define the profile of molecular-
scale temperature with respect to altitude. The following are the values of Iy
and their respectively associated altitude layers employed in this HODEL.

4

Table of Molecular-Scale Temperature Gradients Versus Altitude

Ly in oK mt~t Atmospheric Layers in m!

~0,0055 exact ~5,000 to 0
~0.0065 exact 0 to 11,000
0.0 exact 11,000 to 25,000
40,003 exact 25,000 to 47,000
0.0 exact 47,000 to 53,000
~0,0039 exact 53,000 to 75,000
0.0 exact 75,000 to 90,000
+0,0035 exact 90,000 to 126,000
#0.0100 exact 126,000 to 175,000
40,0058 exact 175,000 to 500,000

These values of Ly, together with equation (8), imply ten specific functions

of H to define Ty, over the desired altitude intervals. This molecular-scale
temperature profile results in the following values of molecular-scale temperature
(TM)b associated with the base of the respective layers, By:

Base Altitudes and the Respective Base Values of Molecular-Scale Temperatures

Hy, in m! (Ty)p in K

0 288.16
11,000 216.66
25,000 216,66
47,000 282,66
53,000 282,66
75,0% 196086
90,000 196.86

126,000 322,86
175,000 812.86

# Entire table consists of basic constants.

;
I
{
|
i
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3.1.6 Basis for selecting the temperat

The ten%erature-altitude function

to be in exact agreement with the present ICAO Standard Atmosphere which ex-
(The temperature-altitude fanction is also
with the recently adopted Extension of the Standard Atmosphere to
300,000 m' which was prepared concurrently with this MODEL,) The values of the
function between 20,000 m! and 53,000 m! were suggested by Whipple and adopted
Between 53,000 m'
temperature-altitude function 1is that presented by Minzner20,42 and adopted
the Standard Atmosphere at the Third Meeting of tha WGESK.

tends from =5,000 m! to 20,000 m’.
in agreemant

at the Firs® Meetingl8 of the WGESA.

to 300,000 m! for

The linearized temperaturc-altitude function of this MODEL
follows approximately along the average of observed temperatures up to abvout
the highest altitude for which ®direct" temperzture obgervations
densities inferred by this linear-
1zed Lemperzture-altitude function at the various altitudes agree Very well with
the average of all measured pressures and densities up to 160 km, the maximum
Agreement between the inferred pressures or

S0 or 100 km,

have been reliably made. The pressures and

altitude of such observations.

densities and the average of observed values was,
for choosing the temperature~-altitude function between 70 and 160 km.

Above 160 km, only theoretical approaches are presently avail-
able for estimating temperatures, pressurcs, or densities.
km, this HODEL represents an approximate mean value of the recent theoretical

estimates of these properties.

For the region above 300 km,
which to base a tenperature-altitude profile.

One of these theories,
agsumes an vpward conduction of energy from lay

extending upward from 250 or 300 lm.

A second theory, proposed by Chapman,8-10 suggestus that the
extends outward from the sun beyond
the energy of the very high-temper-

earth is bathed in the solar corona which
the earth!s orbit around the sun. Some of

ature (high-velocity) particles comprising the corona,
is conducted downward toward the earth's surface.
Thus a temperature of the order of 2 x 105 9K, a few earth's radii away from

the earth, drops to the order of 10009K at 300 km altitude as the conducted

energy is shared by increasing numbers of particles.
implies a positive real-temperature gradient which Chapman suggests might be
in the 300 to 500 km region.
temperature gradient of 5.80K/km

is said to move in its orbin,

of the order of 2.50K per kilometer,
corresponds closely with the molecular-scal?
used in that region of this MODEL.

Declassified in Part - Sanitized Copy Approved for Release

ure-altitude function

there are two basic theories on
This MODEL follows that theory
which results in the higher atmospheric densities at 500 km.

fostered principally by Bates,1s2

ers of high solar energy absorp-
tivity, between 10C and 250 km. The proponents of this theory gensrally deduce
an essentially isothermal atmosphere at a temperature between 8500 and 1100°K

and 500,000 m!, the

in fact, the primary criterion

Between 160 and 300

through which the earth

This theory, therefore,

This value
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Neithar theory has any strong experimental support at present.
The positive temperature-altitude gradient above 300 km was selected for this
HODEL, however, because it inferred a higher atmospheric density at 500 lan than
is inferred by an isothermal atmosphere above 300 lm. Higher densitizs in the
vicinity of 500 lom altitude are conservative from the point of view of satellite

designn o
3,2 Pressure
3.2,1 Develonment of the general pressure-altitude equation

Atmospheric pressure is expressed as a function of altitude
through the hydrostatic equation,

dP = -g pdZ,
P = atmospheric pressure in newtons m"'2,

g = acceleratiin of gravity inm scc"z,

p = atmospheric density in kg m™3, and
Z = altitude in m.

The density, p, may be eliminated by replacing it with its equivalent in terms
of prassure and temperature in the form of the periect gas law,
P
p= (n)
R*T

T = atmospheric temperature in OK, and

R® = universal gas ccnstant; i.e.
8.31439 x 103 joules (®x)-L kgl (exact)." 11,16,16,L7

The value of R¥ was chosen io be in agreement with recent determinations of its
value and consistent with the ICAO Standard Atmosphere.

The substitution of equation (11) into eguation (10) plus some
manipulation, leads to the differential form of the barometric equation,

;5 Basic constant
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R

potential from equation

dln?P =
R

Equation (13) in twrn leads to

Py

Q =G MO/R*, a constant equal to 0.03h,16h,79h,2°x m'.l

£(H) = a functional representation of Ty.

3.2.2 Pressure-altitude equations for linear temperature functions

For purposes of this MODEL,
(1h) yields
metric equation, depending on whether Iy of

7hus the integration of equation
equal to a non-zerd constants

For Iy = 0,

P = Pb exponential

For LM not equal to zero,

Ty,

P ..o dH
g Qf:b'f'tﬁ)"

= pressure at altitude H,,

@ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6

8
dlnP-_——-dz.
7

Tt is to be noted that the pressure is now oxpressed as a function of T/M.
The introduction of molecular-scale temperature from equation (7) and geo-~
(2¢) changes equation
the following equation in only three variables:

(12) in five variables to

SE |
M

H

£(4) is defined by equation(8).
+wo different forms of the baro-
equation (8) is equal to zero or

~Q(E - Fy) |
e

Q

P =P
° [(Tu)b + Ly(H - By)

/£ Derived constant

> »
A Ve ETY VAR q\.,':q'r‘fw—ﬁ;
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(TM)b = the value of molecnlar-scale temperature in
%K at the basc of a layer characterized by a
constant value of Iy,

Ly = the value of Ty/H in K m'~l for a particular altitude
region.

The formsof equations (15) and (16) ‘ars such that pressure may be computed in

any units merely by introducing Py, in terms of the desired units. For numerical
computation purposes equation (15} is more usable in the form

By

log eQ
antilog), —o— (& - Hy)

Tudy

where

Logjge = .th,29h,h82/// » the modulus of common logarithms.

3.2.3 Sea-level value of pressure

Pressures at all altitudes computed from equation (15) or (18)
depend directly on the sea-level value of pressure. In keeping with the ICAO
Standard Atmosphere26-28 and implicit in the Resoiution of the Proceedings of the
Internatioral Committee on Weights and Measures,ll the sea-level value of pressure,
P,, is taken to be 101,325 newtons m=2 or 1,013.25 mb./ This pressure corresponds
to the pressure exerted by a column of mercury 760 mm high having a density of
13.595,1... gm cn-3 and subject to a gravitational acceleration of 9.80665 m sec-2.

3.2.4 Base pressures for various layers

With P, used for Pp in equation (16) and using suitable values
of (Ty)y and Ly, the value of P is computed for 11,000 m!, the top of the tro-
posphere, the first atmospheric layer above sea level. This value of P, designated
by P17, in turn becomes the value of Py, for use in computing the pressure within
and at the top of the next layer. In this way the values of P, for each succes-
sive layer are determined. The value adopted in this MODEL for Py, i.e., 1,013.250
mb or 101,325.0 newtons m=2 (exact) is identical to that adopted by ICAO and other
prominent groups.3l,

# Basic constant
A4 Numerical constant
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as follows:

For =-5,000,0 m! $1so0,0 al,

The specific equaticns for
atmospheric layers (determined by ten molec

3.2.5 Specific computational equations

computing pressure for each of ten
alar-scale temperature functions) are

] 5.256,122,18

288,160

For 0.0 m! & H £ 11,000 mt,

P
P= 2

p=p [288.160 - 6.500,00 x 107H
(o]

|

P_= atmospheric pressure at sea level, defined to°he
101, 325.0 newtons m-2, or 1,013,25 mb (exact).

{ 288.160

For 11,000 m! = H = 25,000 u!,

288.160 ~ 6.500,00 x 107H

Py

5.256,122,18

P

P.
L (6.

For 25,000 m* S H £ 47,000 nt,

antilog (0.068,1,83,253,0 x 10-3)(g - 11,000.0)
10

= the pressure at 11 km! computed from equation

2

P=

[1h1.660 + 3.000,00 x 10™3H
216.660

/ Basic constant
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3
11.388,26,73

@ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6

-

st = the nressure at 25 km! computed from equation (17a).

<
For 47,000 m' £ H S 53,000 m!,

Piq ,
P= -3
antilogy, [ (0.052,492,682,3 x 107°)(H ~ 147,000.0) ]

P, = the pressuras at L7 km! computed from equation (16¢).

L7

For 53,000 m' £ H 75,000 n',

Pg3 ’
P 8.760,203, 60
282,660

1:89.360 - 3.500,00 x 1073H

Pyy = pressure at 53 km' computed from equation (1),

<
For 75,000 m' S H £ 90,000 m',

P15
antilog,, [(0.075,371, 236,4 x 10~3) (1 - 75,000.0)]

P=

where

P - = the pressure at 75 km' computed from equation (16d).
75 .

For 90,000 m* S H & 126,000 mt,
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Fso

P =

3,500,00 x 1073H - 118,140
196.860

where

For 126,000 n' = H £ 175,000 m!,

P1o6

9,761, 369,77

Pgo = the pressure ab 90 km! computed from equation (17c¢).

P =
r

[10.000,0 x 10™H - 937.140

322,860

P16

For 175,000 m! = H € 500,000m,

Pi78

P =

3.416,179,42

= the pressure at 126 km! computed from equation (16e).

-

5.800,00 x 10~2H - 202.1L0
812.860

where

175

3.3 Density

3.3.,1 Computational equation

density in kg m~3 beconmes,

B ool U o SR

- gy o

v

Declassified in Part - Sanitized Copy Approved for Release

5.890,481,75

= the pressure at 175 km! computed from equation (16f).

Atmospheric density at altitude H is readily computed from the
perfect gas law, equation (11), implicit in the barometric equation.
introduction of the molecular-scale temperature concept,

)

With the
equation (11) for
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Ho

.1 P
= {-’ﬁ = 3.1483,839,46 x 10~3 -

atmospheric pressure in newtons m=2 (oxr mb x 102),
expressed by equations (Léa - 16g) and (17a - 17¢),

molecular scale temperature in °K expressed by
equation (8) with its various values of Iy.

The computational equation for p is left in terms of P and T, instead of in
terms of H, for to convert to the latter would require ten different functions,
as in the case of T, 1 and P. The computational equations of all other properties
of this HODEL will ‘:e similarly expressed in terms of P or Ty, rather than in
terms of H. .

3.3.2 Sea-level value - ratio equation

Evaluating equation (18) at sea level yields thé sea-level
value of density:

-:° . —Fo_ = 1,225,013 958 ke .m“3, e

(TH)O

Po = gea-level value of P
101,325.0 newtona =2 (axact)/, and

('I.'M)o = sea-level value of Ty, 288,16°K (exact) f

Dividing equation (18) by equation (18a) yields

P

Fo

Ty

-
PO

y ' (18b)

3.4 Validity of the Basic Properties

The three basic properties of this atmospheric MODEL are rigorously
self-consistent through the perfect gas law and the hydrostatic equation, which
accounts for the variations of the effective acceleration of gravity with altitude,

4 Basic constant
#£ Derived constant

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6

through the use of geopotential. The user of these tables is warned that the
validity of the hydrostatic equation as well as some of the other classical
equations, in their simple forms, may decrease considerably at great altitudes.53
The uncertainties ai high altitudes in most equations relating the various at-
mospheric properties, however, are perhaps small compared with the present uncer-
tainties at these altitudes in the defining property of this MODEL, T/M.

L. Secondary Properties Defined as Functions of T/M

. This section is devoted to all those atmospheric properties of the ARDC
MODEL ATMOSPHERE, except P and p , which are classically defined as functions
of the ratio T/M{ and which are, therefore, conveniently redefined in terms of
molecular-scale temperature without otherwise involving ¥ or T explicitly.

(Some of the properties of this group depend also upon the acceleration of
gravity.) Properties which depend also upon P or p , Or combinations of these,
are implicitly in this group. The properties of this group tabulated in this
MODEL are scale height, speed of sound, air-particle speed (arithmetic average),
and specific weight.

4.1 Scale Height

L.1.,1 Definition

If both sides of equation (12) are divided by d2, we have

dlnP _ —gM
= o (12a)

A dimensicnal analysis of the quantities in the right-hand side of this equation
show that the net dimensions are reciprocal meters. The reciprocal‘of the right-
hand side of equation (12a), by virtue of its dimensions has been given the name
ngcale height." Thus scale height as tubulated in this MODEL is defined as

H = ..R.tr. s
8 gM (19)

H, = scale height in m (not m?),

g = acceleration of gravity inm sec™? R

and R™ and M have their usual
significance,

:."'}'ND""'.'HW"“,'"Q o———y e g Y

P
"y £
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Concepts

Using equation (19), equation (12a) may now be rewritten as

dinP -1

daz Hg (120)

’

and scale height is seer to be the negative reciprocal of the slope of the
In P versus Z curve,

The geometric-altitude-pressure equation for an isothermal
atmospheric layer may be manipulated to show that when gravity is considered to
be constant, the scale height at any altitude represents the vertical distance
above the reference altitude at which the atmospheric pressure has dropped to
a value of 1/o0 of its value at the reference altitude. This concept for scale
height is often erroneously thought to apply to an atmosphere in which temper-
ature and gravity vary. A check of pressures and scale heights in the tropo-
sphere of this MODEL shows the scale height at sea level to be 8.43L); kn. The
pressure, however, has dropped to 1/e of its sea-level value at an altitude of
7+68 km, where the scale height is 7.0 km. Since this concept of scale height
is developed from the eguation for an isothermal constant-gravity atmosphere,
the concept wili not hold for other conditions.

From the same basic, isothermal, pressure-altitude equation one
may demonstrate that the scale height at any altitude is the length to which
the total of a unit cross-section column of the atmosphere above that point
would be compressed, if subjected to the pressure and gravity of that altitude,
That is, the reduced thickness of the residual, isothermal, constant-gravity
atmosphere above a given altitude, when subjected to the pressure of that alti-
tuda, is equal to the scale height, Again thie concept does not apply rigor-
ously anywhere in this MODEL since the atmosphere is not indefinitely isothermal
above any point, neither is the gravity constant.

Lo1.3 Definition of geopotential scale height

The limitations imposed by constant gravity in the latter
two concepts of scale height can be eliminated through the use of a geopotential
scale height. If both sides of equation (13) are divided by dH, we obtain

dInpP -GMy

A dimensioral analysis of the right-hand side of this equation shows the net
dimensions to be reciprocal geopotential meters, Thus the reciprocal of this
equation serves to define geopotential scale height:
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Ha' = geopotential scale height in m?, and
6 = 9.80665 m? sec=2 miL ,

k.1l.l; Concept of geopotential scale height

The combining of equations(13a) and (13b) yields

dinpP =1

-—’

dH  Hg' (13¢)

and the geopotential scale height is scen to be the negative reciprocal of the
slope of the 1n P versus H curve.

The manipulation of equation (15) (for a variable-gravity, .
isothermal atmosphere) leads to the conclusion that for a variable-gravity, iso-
thermal atmosphere, the geopotential scale height at any altitude represents the
increment in geopotential above the reference altitude at which the atmospheric
pressure has dropped to a value of 1/e of its wvalue at the reference altitude.
Thid - concept does apply rigorously to isothermz) regions of this KODEL, Equation
(15) also leads to the conclusion that the geopotential scale height at any al-
titude is the reduced thickness in geopotential of the residual, isothermal,
veriatle-gravity atmosphere above a given altitude when subjected to the pressure
of that altitude, Even though this concepi accounts for variable gravity, it
still is not rigorously applicable to the MODEL since no indefinite isothermal
atmosphere to great altitudes is speculated in this MODEL.

The geopotential scale height at any altitude is readily trans-
formed to a geometric length by adding the geopotential scale height to the
reference geopotential altitude and converting the resulting geopotential
measure to gecmetric altitude, by means of equation (6). Then the reference
geopotential altitude is converted to geometric altitude with the same equation,
Finally, the smaller geometric altitude is subtracted from the larger. The
difference is the equivalent geometric length for the geopotential scals height
at the reference altitude.

While geopotential scale height is obviously the preferable
parameter from the point of view of using the gever2l concepts in a variable-
gravity atmosphere; only geometric scale height from equation (19) will be
tabuleted in this edition of the ARDC MODEL.
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4.1.5 Couputational equation for (geometric) scele height

Introducing Ty from equation (7) into equation (19) leads to
the computational equation for Hgs

Ry s T (19a)
By g 267.039,632,6 [-E-]

4.1.6 Sea-level value and ratio equation

The sea-level value of Hs'is obtained by evaluating equation
(192) at sea level, such that

* Ly .
(1) = 00 w6130, 113,13 x 10 m # (a5)

(8,), = sea-level value of B, .
(Tﬂ) o™ sea-level value of Ty 288.16°K (exact) ,"
g ™ sea-level value of g, 9.806,65 m sec"2 (exact)"

Dividing equation (19a) by (19b) yields

Hs ™ & . (19¢c)

(Hs)o (TMSO ? !

which is an alternate form for computing values of Hg.

L.1.7 Validity

Because the analytical expression for scale height is implicit
in the barometric equation, as is evident from equation (12), the validity of
the value of Hg at varicus altitudes depends directly on the validity of the
barometric equation. (Scale height from this consideration might also be con-
sidered one of the basic properties along with pressure and density.) The use

4 Basic constant

#A Derived constant
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of the tabulated values of scale height, however, in connaction with several
commonly accepted concepts of scale height is to be avoided except for rough
approximations.

4.2 Speed of Sound
k.2.1 Defining equation °

The square of the speed of sound propagation is defined in
this HMODEL to be

2 _7p
Cs = '—P"" ’ (20)

= gpeed of sound inm sec"'l,

= pressure in newtons n"z,

c
s
P
p = density in kg m"3, and
Y

= yratio of specific heat of air at constant pressure
to the specific heat of air at constant yolume,
defined to be 1.t (dimensionless, exact.’s

4.2.2 Computational equation

Eliminating p between equations (18) and (20) and extracting
the square root vesults in:

%,

%
Cq ™ [I_qunl = 20.046,333,47 (TH)*. (20a)

}.2.3 Sea-level value aud ratio equation

Evaluating equation (20a) at sea level yields

(Cs)g = [IHI:: . (T, ] 3 = 340.292,046 m sec™Y, # (20p)

(Cs) o " sea-level value of Cg4.

/4 Basic constant

A4 Derived constant
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Dividing equation (20a) by equation (20b) reduces the number of constants so

that:
% | [_%)?, (20¢)
(CS)O (TM)O

h.2.h Talidity

These equations for computing the velocity of sound apply
only when the sound wave is a2 small perturbation on the ambient condition.
Harrison2l has shown that even when this condition is met, the above definition
for the velocity of sound is not quite correct for two reasons: First, Y is
not really a constant, but rather, varies with pressurc and temperature over a
small region around the value 1l.L4; second, the form of the above relationship
is not completely correct, since even if the best value of ¥ is used for a
given set of conditions, computed values of Cg differ slightly from experimen-
tally determined values. In spite of these disecrepancies, however, the stated
relationships are adopted in accordance with Subcommittee recommendationsl3
which are in conformity with established aerodynamic practice but at variance with
the present United States Standard Atmosphere.

The limitations of the concept of velocity of sound due to
extreme attenuation are also of concern. This situation exists for high frequen-
cies at sea-level pressures and applies to successively lower frequencies as
atmospheric pressure decreases, or as mean free path increases. For this reason
the concept of speed of sound progressively loses its meaning at high altitudes,
except for frequencies approaching zero and for very short distances. To call
attention to this limitation, it was agreed to terminate at 90 km! the tabula-
tion of the velocity of sound, in the Extension to the United Staies Standard
Atmosphere. In conformity with this agreement, tabulations in this MODEL are also
simiiarly terminated. Because of the relationship between sound velocity and
air particle speed (Section L.3), sound velocities for altitudes above 90 km!
may readily be obtained for use with suitable caution.

Lh.3 Air Farticle Speed (Arithmetic Average)
4.3.1 Concept

The mean air particle speed is the arithmetic average of the
distribution of speeds of all air particles within a given elemental volume.
This quantity has significance provided that the volume considered contains
a sufficiently large number of particles so that their velocities follow a
Maxwellian distribution, and provided that variations of p and T/M in any
direction are negligible within the volume element.

h.3.2 Defining equation

Arithmetic average of air particle speed is defined to be:
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ot
x
o
¥ = air particle speed (arithmetic average) inm se{:"l,

7 = 3,111,592,65l (dimensionless)’.‘ﬁ

L.3.3 Computational equation
The introduction of Ty fram equation (7) into equation (21)
yields the computation equation for Vs

}
- *
7 [72.;_. n } - 27,035,509,8 (1} (21x)

L.3.s Sea-level value and ratio equatiom

Evaluating equation (2la) at sea Jevel leads to

H# (21)

™
KO

%
v, = { 8 (T l - 158,912,035 m sec™

where
= gea-level value of ip_

Equation (2la) divided by equation (21b) yields
° (TH).

4.3.5 Validity

On considering the restrictions appiied to the volume element
for which we desire the value of V, it is evident that these restrictions come

/£ Derived constant

JA4 Numerical constant
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into conflict with each other at high altitudes and the validity of the concept
of V decreases with altituds., It is uncertain vhether or not the concept ra-
taina redsonable significance at altitudes as great as 500 k. Nevertheless, as
in the case of presscures and densities, ste, s values have been tabulated to
this altitude, ‘on ths basis that with suitable caution, such values are better
than no values,

4.3.6 Relationship to sound velocity

. From a comparison of cquation (20c) and equation (21c) it
is evident that .
Cq
——— =,

©a),

Since values of Tr/'v'o are tabulated to 500 kn?, values of c;,/(c,) and henca
values of C; are readily availsble to the same altitude, even though their
significanco is extreacly quosticnable.

L Specific Veight
kil Concept

The specific weight w of a body of uniform density at any
partiéular point in space is the weight per unit volume of that bedy at that
point. The veight per unit-volume is equal to the mass per unit volume times
the acceleration of gravity, which in turn is squal to the density of the body
times the acceleration of gravity, g. Since g is assumed to vary in this MODEL
in accordencéd with equation (1a), the specific weight of a bedy will vary pro-
portionately,

The density of the air mass also varies with altitude and
hence w is dependent upon two variables, p and g, This is at variance
with the procedure in the ICAO Standard Atmosphere in which specific weight is
defined to vary only with £ .

L.he2 Defining and computational equation
In this MODEL specific weight is defined by

w = pg

w = specific weight in kg n~2 sec™? or newtons m"3(at any point},
p = demsity in kg m™3 (at the point) R

RN

g = acceleration of gravity in m sec™2 (at the point).

L
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@
Eliminating p by means of equation (18) results in

P .3 gP
BT 3.1,83,89,46 x 1073 -g- .
R*TH * M

Sea-level value and ratio equation

The evaluation of equation (23) and (232) at sea level yields

- Hopoge - -'2 ".2 # 2 b
Po go m 12.013,283,5 kg m sec F} ( 3 )

= gsa-level value of w ,

= sea-level value of p , 1.225,01L,00 kg n.a,

= gea-level value of g, 9.806,65 (exact). d
Dividing equations (23) and (23a) by the appropriate portions of equation (23b)
results ins

w_ P E . (23¢c)

Wo P, 8o

Introducing H, from equation (19a) into the right-hand member of equation
(23c) leads to:

-PH -—L
w = B E

boh. Validity

The validity of the values of ® dcpends only upon the
validity of the values of g and p which have already been discussed.

/4 Basic constant

/£ Derived constant
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5. Other Secondary Properties

The last group of properties of this ARDC MODEL ATMOSPHERE includes all
those properties considered in this MODEL which are defined by functions of
T and Y, in forms different from T/M, so that these functions cannot be re-
defined in terms of molecular-scale temperature without the additional use
of either M or T in its independent form. This group includes molar volume,
mmber density, mean free path, collision frequency, coefficient of viscosity,
and kinematic viscosity, as well as temperature and molecular weight, Either
molecular weight or temperaturc must now be defined in terms of altitude be-
fore any of thcse remaining secondary properties can be computed. The molec-~
uwlar weight is the one specifically defined in this MODEL,

5.1 Molecular Weight

5.1.1 General definition

Molecular weight is defined to be dimensionless. On the
chemical scale” mclecular weight (of a compound) is defined to be 16 times the
ratic of the average mass of a molecule of the compound to the average mass
of an oxygen atom, where both the oxygen and the compound are assumed to
have their natural distribution of isotopes, and where average is to be con-
strued as the arithmetic mean,

5.1.,2 Concept applied to air

The definition of molecular weight includes the concept of
a mixture of the several isotopes of an atomic species and the resulting
mixture of similar molecules of different masses, Therefore, it is not un-
reasonable to extend the definition of molecular weight to include mixtures of
different kinds of molecules as in the atmosphere. Such an extension of the
basic definition is employed in this MODEL in establishing the concept of the
molecular weight of air.

*
The definitions of atomic or molecular weights on the physical scale
are more specific than the equivalent definitions on the chemical scale, in
that on the physical scale, the ratios are est.ab%ished with reference to the
mass of an atom of a specific oxygen isotope, 016, Because the mass of an
010 atom is less than the mass of an average oxygen atom, the atomic or
molecular weights on the physical sgale are greater than on the chemical
scale by approximately the ratio 32.0087/32.0000 . When the physical scale
is used for expressing molecular weight, values of the universal gas cqonstant,
R*, and other constants must be proportionately changed.
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5.1.3 Molecular weight of air and mole defined

Molecular weight of air, M, is defined as 16 times the ratio
of the arithmetic mean mass of a single molecule of the air mixture to the
Xygen in a natural mixture of the

A kilogram mole of air is defined as a quantity of air having
a mass in kilograms numerically equal to the molecular weight of the air.

5.1k Sea-level and low-altitude value of molecular weight of air

The value of M at sea level is determined from an assumed
distribution of the several atmospheric constituents at sea level, In
accordance with the ICAO agreements the atmosphere of this ARDC MODEL is
assumed to be dry and to have the following composition ab sea level and at
all altitudes up to and including 20 km'!. This model has assumed a continuation
of this composition up to 90 Ime,

Constituent Gas Mol. Fraction Molecular Weight
Per Cent (0_= 16.000)

Nitrogen (Nz) 78.09 28.016
Oxygen (0,) 20.95 32.0000
Argon (4) 0.93 39.9hL
Carbon dioxide (CO,) 0.03 L.010
Neon (Ne) 1.8 x 10™3 20,1383
Helium (He) 5.2l x 1074 4,003
Krypton (Kr) 1.0 x 107k 83.7

Hydrogen (H,) 5.0 x 107 2.0160
Xenon (Xe) 8.0 x 100 131.3
Ozone (0,) 1.0 x 106 1,8.0000
Radon (Rn) 6.0 x 10718 222,

The above data yield a value of 28.966 (nondimensional) for the molecular
weight of air. In this MODEL the molecular weight of air at sea level, and for
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a considerable altitude above and below sea level, is defined as a constant. Thus
for -5,000 mt S H £ 50,000 m?,
M = 28,966 . (2w

5.1.5 Molecular wcight of air at high altitudes and
validity of the values

Atmospheric composition at high altitudes is thought to vary
considerably from that near sea level., The variation in composition may result
from dissociation of various molecules of the atmosphers as well as from dif-
fusive separation of molecules of various masses in a gravitational field.
While several theories describing these phenomena exist, there are only a few
data to support or disprove these theories. The choice of 90,000 m? as the
top of the region of constant composition is quite arbitrary but is as good as
any other current choice.,

It is thought that the dissociation of 02 is the principal
factor in producing a change in molecular weight between 90,000 and 175,000 m!,
Rocket measurements of 0y concentration obtained by Byram, Chubb, and Friedman
provide partial support to this contension. Diffusive separation and the dis-
sociation of Np is thought to dominate the variation of molecular weight of the
mixture of atmospheric gases above 175,000 m?! ,

Millers? combined these theories, assumptions, and data with
scale height gradients of this MODEL and computed molecular weights for specific
altitudes between 90,000 and 500,000 m*, A plot of these data versus altitude
suggested the possibility of approximating the graph with two analytical func-
tions, Campen of GHD developed the desired functions in the form of the fol-
lowing two equilateral hyperbolae which for this MODEL define molecular weight
from 90 to 500 km,

For 90,000 m! = H = 175,000 n,

23,160,126,7 H - 1,757,856.05
M= .
H - 78,726.25

For 175,000 m! $ B £ 500,000 n?,

_ 13.139,119,0 H + 514,492.02 (2lb)

M H - 56, 969- 89

For purposes of defining other atmospheric properties, it is convenient to
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establish the following relationships:

M= |ut] , and

Mf

M7
o Lio

H

where )

M' is a kilogram mole of air, a mass in kg numerically equal
to the molecular weight, and

M? ° is the sea-level value of M!,

Using equation (5), relating geopotential and geometric alti-
tude, cguations (2h), (24a) and (2Lb) are converted to the following in terms of
Z:

For -14,996.070,27 m = Z < 91,292.532,7 m,
M = 28,966.

For 91,292.532,7 m = Z = 179,954,085 m,

M= 23,170,552,5 Z - 1,779,899.L6 .
Z - 79,713'h75,7

For 179,954.085 m = Z = 52,685.673,

13.339,605,8 7 + 519,116l
7 - 57,108.018,2 (250)

M

These equations yield results within # 1% of Miller's values at all altitudes
except for a small region arcund 105 km where the analytical results are
about 3% higher than Miller!s values.

5.2 Mol Volume
5.2.1 Concept and definition

Density of the air at any al titude is expressed as the mass
per unit volume at that altitude. If the mass is that of a mole of alr, the
related volume is that of a mole of air. Thus the mol velume of air is given

*vy
(26)
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v = the volume (in m3) of a mole of atmospheric gas at
a particular altitude,

P = the density (in kg m™3) of air at the same altitude, and

.
M! = the kilogram molecular wzight, the mass in kg of a
kilogram mole of air having the composition of this
altitude. (This mass is mmmerically equal to the molecular
weight defined by equations (24), (2Lha), and (2Lb). )

5.2.2 Computational equation
Eliminating p between equations (18) and (26) yields a

computational™ expression for v in terms of basic properties and constants:

ot MIT
v = i = 287.,039,632,6 4 ’
M P P

R* = universal gas constint, 8.314,39 x 103 Joules

(°K)~L kg™t (exact)”,

M, = sea-level value of molﬁcular weight, 28.966
(dimensionless, exact)

T, = molecular scale temperature, in %K, at the altitude
in question, and

P = atmospheric pressure in newtons m"2 {or mb x 102).

# Values of v are not tabulated for various altitudes in this edition of
the MODEL but the equations are developed for use in the expressions for
number density and implicitly mean free path. It will be noted from a
comparison of equations (26c) and (28c) that v/¥y = L/L, . Thus values of
v for any altitude are readily available from these tab es,

# Basic constent
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5.2.3 Sea-level value and ratio equation

Equations (26) and (26a) evaluated at sea level yield:

Kb (o 23,645, 4hh,1 m3, H
HOPO

the sea-level value of v,

a mole of air at 2 a level,
28,966 kg (exact)’”,

= sea-level value of p , 1.225,01398 kg m'3, H

(TH). = the sea-level value of Ty, 288.16%K (exact)" , and

£

P. = the sea-level value of P, 101,325.0 newtons n~2(exact)’,

°
From equations (2ld), (26), (26a), and (?6b) it is obvious that

I R

S— —
W, " @y, P

(26¢)

v
—— B
Yo

5.2.4 Ice-point value

The (standard) ice-point value™ of the volume of a mole of
gas is considered to b= one of the basic physical constants. This value may
be computed by ovaluating cquation (27) at the ice point, i.e., at a temper-
ature of 273.169 K and a pressure of 101,325.0 nawtons m=2 (1013.250 mb),

1 1
vy - Mo , F¥o (Mos 22,111, 59,3 n3, ## (264)
Pl l{OPO

4 Basic constant

/£ Derived constant

% These conditions referred to as standard conditions by chemists are
not to be confused with the standard sea-level values of the standard atmos-
phere where the Tg = (Ty)o = 288,16 .

-
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vy = the ice-point value of v, and
(TM):L = the ice-point value of Ty = 273.16° K (exact)" s

A = the ice-point value of p 1,292,283,037 from
the left-hand members of equation (264d).

The above value of v, for a kilogram mole is in keeping with 22.L1L6 n3, the
value currently accepted outside of the realm of this standard. (The latter
is equivalent to 22,41L.6 em3 for a gram mole.)

5.2.5 Validity

The validity of the concept of molar volume at great altitudes
becomes vague because the volume becomes so large that density and molecular
weight camnot be assumed to remain constant throughout the volume and hence
the specified volume will most probably not contain exactly one mole of atmos-
pheric gases.

5.3 Number Density
5,3.1 Concept and definition

The number density of air is defined to be the number of
atmospheric particles per unit volume, censidering only pneutral or ionized
atoms or molecules. (Electrons and other subatomic particles are ignored.)
The nmumber of particles contained in a mole of air is by definition Avogadro's
number. Thus Avogadro’®s number divided by the mol volume yields number den-
sity, i.e. .

(27)

n = atmospheric-particle, mumber density, at 2 specified
altitude, in m=3,
v = mol volume at that altitude in m3, and

N = Avogadro's mumber, 6.023,80 x 1026 (dimensionless, exa.ct)" 16,16

A more recent value of N might have been used but that would not be consistent
with the current values adopted by the National Research Council.lté

/ Basic constant

e T
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5.3.2 Computational equation

(26a) into equation (27) leads to that
ty in terms of basic

9

Intrcducing equation
computational form of the expression for number densi

properties and constants:
.
N HMpP
aw P ) 098,595,21 x 1024 T (27a)
R°H Ty KTy

5,3,3 Sea-level value and ratio equation

Upon evaluation of equation (27) and (27a) at sea level, one

obtains:

NM_P
ng = - = —— T2 = 2,5)7,552,07 x 1025 o3, (27)

1

n, = the sea-level value of n,

Vo " the sea-level value of v.

The manipulation of equations (27),(27a), and (27v) and ref-
he following relationships to exist:

erence to equations (26¢) and (2Ld) show b

¥, (Tw) P
._!..)'_ - . - __.o . ...——o 0 o

5.3.4 Validity
In the form of equation (27) the validity of n would be
In terms of equation (27a),

open to considerable questionm at high altitudes.
however, where al} the parameters are defined at a point or within a volume

considerably smaller than v, the validity of n is probably limited principally
by the validity of the values of Ty and M.

5.} Hean Free Path

5.4,1 Concept and definition

Hean free path is the mean value of the distances traveled
e between successive collisions with

ch of the molecules of a given volum
that a sufficiently large mumber of

by ea
f that volume, provided

other molecules o

AATAE el g e ey

(=
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molscules are contained within the volume. It is usually considered necessary
that the volume be the cube of a length many orders of magnitude greater than

the mean free path, From kinetic theory and agsuming a gas of uniform temper-
ature and density, the following expression for mean free path 1is developed:

- 1
T @

L = mean free path inm at a particular altituds,
n = number density in n~3 at the same altitude,
7 = a numerical constant, 3.141,592,654 £

o = average effective collision diameter, taken
to be exactly 3.65 x 10-10 m for this MODEL./

This value of o is an arbitrarily adopted averags of several published values.
S.L.2 Computational equation

Eliminating n between equation (27a) and equation (28) yields:

R™M1Ty

L e
V2T N P

MIT
= 8,050,460,475 x 1075 —5-’5 . (28a)

S.i.3 Sea-level value and ratio equation

The evaluation of equations (28) and (28a) at sea level
results in:

. 1 _ R (D).

L = 6.631,722,3 x 1078 m (28b)
° V2w n, ol NM P, e ’

L, = sea-level value of I,

Ny = sea-level value of number density, 2.547,552,07 x 10%5 3,

# Basic constant
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Equation (28a) divided by the right-hand member of equation
(26b) and the use of equation (2hd) leads to the following ratio equations

LM
I, Yo

A comparison of equations (26c), (27c), and (28c) shows that:

, e B (28¢c)
TM Po

¥ M), P

My TH I’o

Sy Validity

Equation (28) for mean free path is based on the concept
that temperature and density are uniform throughout a volume equal to the
cube of a length many orders of magnitude greater than the mean free path.
At 90,000 m* the mean free path is 2,5 cm. A length two orders of magnitude
greater than L would be 2.5 meters and a cube of this dimension is perhaps
approaching the smallest size cube which contains a sufficient number of
molecules at this altitude to rigorously apply the derivation of equation (28).
Temperatures and densities within this volume may certainly be considered con-
stant. At higher altitudes, however, this may no longer be true for the neces-

sary size cube.

In this MODEL, the value of L from equation (28) becomes 1
meter at 114,000 m!. A cube of length two orders of magnitude larger, a
100-meter cube; would have a change in density from top to bottom of about 1%.
This amount is considerably more than should be tolerated for the conditions
of rigorous validity of the equation for L. At an altitude of 210,000 m!,
the value of L is 1 kilometer; while at 390,000 m!, the value of L is 100
kilometers. GCertainly at these altitudes the density is not uniform throuchout
a sufficiently large cube and the distance through which a molecule will travel
between successive collisions depends on its direction of motion. The value of
L from eguation (28) for a given altitude requires that conditions along the
path of the molecule remain equal to those at the particular altitude. At high
altitudes ihis condition can only be met fer those molecules moving in a horizon-
tal direction. For molecules moving vertically downward, the distance traveled
between collisions will be less than L, because the motion is into a region of
exponentially increasing density. For molecules moving vertically upward, the
distance traveled between collisions will be greater than L because the motion
is into 2 region of exponentially decreasing density. Some kind of average of
these directional mean free path lengths, considering all possible directions,
is suggested as a more general concept of mean free path at these altitudes.
An unpublished study at GRD shows that the horizontal mean free path, obtained
from equation (28), yields values which agree well with this newly suggested
mean free path concept to altitudes of avbout 220,000 m'. Above this altitude,

————— ..
tes e e oo

. ——— e

J e
’}qr T B Y .’-\7;@7:;;{{7,37'! (?‘

AN gt e A 4 ¢ antn e e
«
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equation (28) should only apply to a horizontal mean free path.
5.5 Collisicn Freq .ency
5.5.1 Concept ard definition
The average velocity of the molecules or atoms within any given
volume of air, divided by the mean free path of the molecules within that volume
yields the mean collision frequency of the molecules of that volume. That is,

any particular molecule in that volume will collide successively with other mol-

ecules at a mean rate given by the collision frequency. Analytically collision
frequency is defined by

(29)
v = the collision frequency in sec"l,
¥ = the average particle velocity inm sec'l, and

L = the mean free path in m.

5.5.2 Computational equation

Equation (21a) for V divided by equation (28a) for L leads

by
2
V=)o N. [WM(’] . P = 3.358,306,019 x 107 —r . (29a)

R 1 ()2 M (ry)%

5.5.3 Sea-level value and ratio equation

From the evaluation of equations (29) or (29a) at sea level
one obtains:

1
b o=o ape? . [Tl To <6.920,k00,9 x 10” sec™,  (250)
o R My (Ty )2

V, = 158.9k2,034 m sec™l,
I, = 6.631,722,29 x 1070 n,

e

. brvne e e T T RN e 4
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Equations (29), (29a) and (29b) permit the following ratio expressions:

2NN SN SN SN [@2}%
v T

Yo v L P H

[ (o]

5.5.4 Validity

The validity of the value of y is limited principally
by the validity of L. Even with the oroader concept of L suggested in Section
S.4.li, the value of L should not apply without restrictions above 220 to 250 km.
Similarly, values of ¥ must not be used without caution above this altitude.

5.6 Temperature (Real Kinetic)
5.6.1 Concept and validity

Temperature in this MODEL is a measure of the kinetic energy
of the molecules and atoms comprising the atmosphere at any specified altitude.
Tabulated values most probably will not indicate the temperature of any body
suspended in or passing through the Tegion.

The determination of the value of atmospheric temperature, T,
av any given altitude, from conventional measuring techniques requires a nowl-
edge of molscular weight M of the air at that altitude. Without this knowledge of
molecular weight, the measurement yields only the value of T/HM. Because values
of M have not been measured at high altitudes, the so-called temperature meas-
urements from rockets yield only the ratio T/M. This ratio, however, was shown
to relate the basic atmospheric properties of pressure, density, specific weight,
scale height, particle speed and sound speed. The altitude function of this
ratio, T/M, in the form of molecular scale temperature, Ty, defines the altitude
functions of these properties.

With the establishment of the independent assumption regarding
the altitude function of molecular weight in Section 5.1, it is now possible to
specify values of T with the same degrece of reliability as exists in the values
of M. These values of T will then permit the detemination of the coefficient
of viscosity and k:i.;xanatic viscosity from empirical expressions involving T,

5.6.2 Computational equation
The computational equation for real temperature follows di-

rectly from the definition of molecular-scale temperature in equation (7).
Thus,

TR Ty gt 03,523,231 M .7, ()
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at that altit

Mo

I S TS
T° (TMo

M
. §
)
5.7 Coefficient of Viscosity
5.7.1 Concept

very large parallel plates
relative to each otrer so

respect to that plate.

# Basic constant

/# Derived constant

Declassified in Part - Sanitized Copy Approved for Release

7% temperature (real kinetic, absolute scale)
at any specified altitude, and

Ty = molecular scallﬁa temperature (absolute scale)
de.

5,6.3 Sea-level value and ratio equation
Equation (30) evaluated at sea level yieldss:

To = (Twdo —g';— = (1), = 288.16° K (exact),

To = sea-level value of T, and

= gea-level value oi TH defined to be
288.16° K (exact)’

From the division of equation (30) by (30a), one obtains:

yiscosity of a fiuid {(or gas)
which resists the relative motion between adjacent regions of a fluid.
surrounded by a gas
that their separation remains constant, experiments
show that the layer of gas directly at the surface of each plate is at rest with
It has also been shown that each layer of gas exerts a

i5 a kind of internal friction
If two
(at normal pressures) are moving

T ——
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VAT N

drag on the neighboring layers so that there existe a velocity gradient normal
to the surface of the plates. If the plates are sufficiently close, the vel-
ocity gradient is constant. The relative motion of the plates is resisted by

a drag force proportional to the product of the area of the plates times the
nommal velocity gradient of the fluid. The proportionality factor in this
relationship is known as the coefficient of viscosity Kt o This proportionality
factor has been found to vary with the temperature of the gas, but to be inde-
pendent of the gas pressure within limited ranges of pressure. Various people
have ccntributed to the development of a theoretical eupression for B from
kinetic theory and Chapman? has recently derived cumbersome formulas which ac-
curately represent the dependence of g on the temperature, at least over the
range of 100-—1500° X. Because of the complexity of the Chapman equations,
however, the values for coefficient of viscosity in this HODEL are computed
from the well-known empirical Suthgtland's equation, with coefficients as used by
the National Bureau of Standards,? .

5.7.2 Computational equation
Sutherland's empirical equation for computing viscosity is

3/2
paBr (31)

T+8S

viscosity in k sec™l n~1

# (1 kg sec™® m~L = 10 poise),
B = 1.158 x 10~6 kg sec~l n~t (°K)'?"L (exact),"
S = 110.L° K (exact),*
T = temperature in °K .
5.7.3 Sea-level value and ratio equation

The sea-level value of u is

31'03/2
Fo "To+s

= 1,789,428,53 x 10~ kg m~L sec~l
= 1.789,128,53 x 104 poise,

M, = the sea-level value of g ,
T, = the sea-level value of T.

£ Basic constant
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Equation (31) divided by equation (31a) yields the ratio equation:

L2 7 10
Ay T, T+8

5.7.4 Validity

The users of this MODEL are cautioned that the value of the
coefficient of viscosity determined by equation (31) is open to question for
conditions of yery high and very low values of pregsure and density. Wnile
equation (31) suggests that the coefficient of visccsity is independent of pressure
and depends only on temperature, the measurement of 4 with an oscillating disk
viscometer indicates this situation to be true only within certain limits of pres-
sure, of the order of 2 to (1l atmospheres,

As the pressure decreases below .1l atmasphera; a point is
reached where u begins to fall off with further decrease in pressure in a
manner which depends upon the size of the viscometer, This change in the de-
pendence of g first occurs when the mean free path of air molecules becomes
some small fraction of a linear dimension characteristic of the apparatus or
other body. Such a dimension in the case of the viscometer would be the dis-
tance between plates.

As the pressure is decreased still further, a point is
reached when the mean free path becomes equal to or greater than this charac-
teristic dimension. At this point the viscous stress (drag force per unit area)
becomes directly proportional to the quadruple product of density of the gas,
velocity of the moving plates or other body, one-fourth the mean speed of the
molecules, and a function indicating the reflective properties of the surfaces,
This situation characterizes the "free-molecule region" of the gas,

For pressures in between the free-molecule region and the region
characterized by viscosity independent of pressure, there exists for any partic-
ular viscometer a transition region where the coefficient of viscosity is
neither independcni of pressure nor directly proportional to it, and the rela-
tionship is rather difficult to treat theoretically, Studies indicate, however,
that as the dimensions of the viscometer are made larger, both the high and low
pressure boundaries of the transition region are moved to smaller values of
pressure, Thus by greatly increasing the size and plate separation of the vis-
cometer, the pressure region for which equation (31) yields satisfactory values
of p dis extended to very low values of pressure.

It may well be that this procedure can be extended until
the characteristic dimension becomes so great that appreciable differences in
density or temperature exzist over a vertical distance equal to this dimension.
At this point, equation (31) would begin to become inaccurate regardless of
further increase in viscometer size. By dividing atmospheric density by the
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density gradient at various altitudes, it may be shown thet 0.1 per cent
viriation in density occurs over a vertical distance of 5 to 10 meters at
a1l altitudes below 130 km. Viscometers with piate separations of 10 meters
would be expscted to yield values of i consistent with equation(3l) for
pressures as low as those found at 90 kilometers altitude.

Thus values of p tabulated in this MODEL only frex-5,000 m!
to 90,000 m? are probably relizble for suitable conditions over this entire
range of altitudes, bub only when thege conditions include body dimensions
which are sufficiently large. For altitudes above L0 ¥m, each case ought
to be examined with caution before using the tabulated values of p.

5.8 Kinematic Viscosity
5.8,1 Definition and computational equation
Kinematic viscosity is defined as the ratio of the coef-

ficient of viscosity of a gas to the density of the gas. Analytically it is
expressed ass

7 =L, (32)
P

7 = kinematic viscosity of air in n? aec"l,

p = coefficient of viscosity of air im
kg sec™- m™, and

P = atmospheric density in kg n-3.

Because of the empirical nature of the expression for g and since no other
atmospheric properties of this MODEL depend upomn 7 , the expression for 9

has not been transformed to an expression in terms of the three properties,
pressure, molecular-scale temperature, and molecular weight, Computations of %
have been made directly from equation (32).

5.8,2 Sea-level value and ratio equation
Equation (32) evaluated at sea-level ylelds:

R T A
, A

.
L
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Mo = <= = 1.1460,741,29 x 1075 m? sec™L,

Mo ™ Sea-level value of 7,

H, = sea-level value of u ,
1.789,428,53 x 1075 kg "L sec-l, /£

p, = sea-level value of p
° =3
1.225,013,98 kg n~3, A£

From the division of equation (32) by equation (32a) and from equations
(7), (18b), and (31b), one obtains:

)
_7_’,':._’:_. ..g..y_ ‘H‘] [ZQ.LIS.].

M, o T+85

m

5.8.3 Validity

The validity of the tabulated values of M is no better
than the validity of either £ or p . Within the altitude range of
tabulation of % , values of p are the more uncertain and the use of
values of %) should be subject to the same restrictions applied to the use

ofp..

#£ Derived constant
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5.9 Summary of Ratio Equations

Becouse of the common relationship of molecular-scale temperature or
real temperature and molecular weight to all the properties of this MODEL, the
ratio of these properties to their sea-level values are all interrelated in the
following multiple equation:

Ty Po R

(ty)y P P

Ko

o B ¥
w [N Yo M

BT
[

6. Metric Gravitational System of Units

6.1 TUnconventional Form

In this MODEL, as in the ICAO Standard Atmosphere, the system of units
employing the dimensions of the Typ=I gravitational system is not strictly a
gravitational system; rather, it is a form of absolute system employing the
names of gravitational units, (sece Appendix J). In order that there be no con-
fusion between the kilogram force as used in this MODEL and the kilogram force
as used in a pure gravitational system of units, the foliowing development is
presented.

6.2 Basic Concepts

All properties in this MODEL may be expressed in terms of massm,
length £ , time t, and temperature T. The metric absolute system of mechanical
units, which has been employed throughout the discussion to this point, uses the
kilogram as the unit of mass, the meter as the unit of length, and the seccnd
as the unit of time. The unit sf acceleration a, therefore, has the dimension
of m sec~2, while the unit of force F, e:?ressed by Newton'!s second law as
F =ma , has the dimensions of kg m sec™ and has been named the "newton,®

The metric gravitational system of units is based on the kilogram force
kgf, meter, and second. These units through Newton's law imply a unit of mass
equal to the unit of force divided by the unit of acceleration, and having the
dimensions of kgf sec? m"l, for which there is no specific, commonly used name.
The English counterpart of this unit of mass is the slug or 1bf sec® ft~1,

50
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In its fundamental concept, the kilogram force is the force which
gravity exerts on 2 kilogram mass at the particular altitude and latitude under
consideration, and the relationship between the absolute and the gravicational
system of units thus depends upon the location. For any fixed latitude, as
applied to this MODEL, the variations of gravity with altitude could be used to
rigorously relate the kilogram mass and the kilogram force at various altitudes,

6.3 Modified Definition of the Kilogram Force

The drafters of the ICAO Standard Atmosphere, on which this MODEL
is based, have chosen not to follow the fundamental concept of the gravitational
system of units. They have in effect defined the kilogram force as the force
which gravity exerts on a kilogram mass at a location vhere g is equal to 8y
i.,e., at sea level and at LSO 32! LO" latitude. This definition makes the
kilogram force an absolute unit, and makes the resulting system of units an
' absolute system, employing only the dimensions.of a gravitationsl system. The
system might therefore te called an absolute-force, gravitational system of units.
In equation form, the definition of this absolute kilogram force in terms of the

kilogram mass is:

1 kef = 9.80665 m sec™2 x 1 kg, (34)

- or conversely,

. lkg = '9—.8%:63'5' kgl sec? n™L, (35)

The dimensions of the right-hand side of equation (38) are these previousiy
associated with mass in the metric gravitational system. Thus it appears that
the metric units of mass in this absolute-force, gravitational system is
always exactly $.80665 times as great as the kilogram mass,

6.1 Conversion from Absolute System

Since units of length, time, ard temperature are the same in both
 absolute and gravitational systems of units, only those properties of the
| MODEL which inherently involve the dimensions of mass have different magnitudes
in the two systems. Thus solving equation (35) for univy provides the neces-
| sary factor for converting in either direction between the absolute system and

i the absolute-force gravitationzl systcm of units:
1 = 9,80685 m sec~2 kg kgf™(exact). (36)

Bl The factor required for converting from the absolute system to the pure grav-
itational system of units varies according to the geographic location and is
expressed by:

1 = g kg kge™t (36a)

SEVREN THa DGR
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where g is the acceleration of gravity in m sec™2 at the particular altitude
and latitude in gquestion.

6.5 Properties Requiring Conversion

A dimensional analysis of the various properties of this MODEL in
terms of mass, length, and time indicates that only pressure, density, specific
weight, and coefficient of viscosity involve the dimensions of mass, Hence,
only these properties are expressed differently in the two systems of units,

For cach of these properties the conversion from the metric » absolute system to
the metric, absolute-force, gravitational system at any altitude is accomplished
by dividing the magnitude and dimensions of the property in the former system by
the right-hand side of equation (36), (which is equal to unity).

6.6 Converted Sea-Level Values

The sea-level values of atmospheric pressure, density, specific weight,
and coefficient of viscosity in wnits of the metric s absolute-force, gravitational
system are obtained by dividing the defined value of Po in newbons"’é and the right-
hand members of each of equations (18a), (23b), and (31a) respectively by the
right-hand side of equation (36). Thus:

P = 101,325. nt m~2
°  9,80665 m sec2 kg kgf~

T = 10,332.2745 kgf 2, (37)

1.225,013,998 kg m™3

v = " 022,916,663 kef sec? m"h, (38)
9, m sec < kg kgf~ i

w, = _12.013,283,5 kg m2 sec~?

5 oces > T = 1.225,013,9 kgf m73,
. nm sec™ < kg kgf

. | :
p « 1:789,128,53 x 10 kg m 2% - 1.821,709,28 x 207
9,80665 m sec™2 kg kg~ kgf sec m2

6.7 Conversion for A1l Altitudes

The ratios B/P,, p/p, , w/w, , and p/ A in the absolute
system of units, when multiplied by the respective sea-level values given
above, yield the values of P, p, w , and u in the absolute-force, gravitational
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system of units, ¥

7. Preparation of the Metric Tables

7.1 Computation of the Tables - )
The acceleration of gravity, molecular-scale temperature, prossure,
and molecular weight are the only properties which were computed directly as
functions of H alone, g in terms of a single function for all altitudes, Ty
and P in terms of ten different functions for ten altitude regions respectively,
and M in terms of three different functions for three altitude regions respec-
tively. The remaining properties were computed from expressions in terms of g,
N, P, and ¥, us in terms of T derived from Ty and M. To have computed each
of the properties in terms of H alone would have required the development of
ten functions for each property, each function applying to a specific altitude
region.¥* Such a procedure would have been wnwieldy. and would not have added
to the accuracy or validity of the tables. Even the stated computational equa-
tions for each of the properties, while serving well for isolated calculations,
do not necessarily represent the best approach for development, of the tables.

From the multiple equation (33) it is evident that if the ratios of
certain basic atmospheric properties to their sea-level values are determined,
the remaining ratios are readily computed from products or quotients of not
more than two previously determined ratios. The tabulated ratios, when mul-
tiplied by the sea-level values of the respective properties in a.nLgesired
absolute system of units, then yield the required a2bsolute tables.

7.2 Detailed Computational Procedure

The following procedure is suggested as one of the better methods
for use in any expansion or revision of thesse tables by desk calculator

% TFor conversion to the pure gravitational system, these values in the
absolute-force, gravitational system of units would have to be multiplied

by g/8 -

## A single function of altitude, closely approximating the densities of this
MODEL, particularly above 100 km, was developed by L. Jacchia33 of the
Astrophysical Observatory, Smithsonian Institute and is presented in
Appendix L.

sutt The tabulation of properties in thc absolute-force, gravitational system

employed in this MODEL is also made in this manner, although this proced-
ure would not apply to the pure gravitational units.

U EUIP PGPSR A 1 i
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techniquess

A. Iist all integral multiples of the desired increment of geometric al-
titude for which atmospheric properties are to be computed and determine
the corresponding valucs of geo otential altitude to nine significant
figures by means of equation (5§.

B, Iist all integral multiples of the same increment of geopotential
altitude for which atmospheric properties are to be computed and determine
the corresponding values of geometric altitude to nine significant figures.

C. Combine the entries of lists compiled in steps A and B into a sipele

list arranged in mmerically ascending values of geopotential.

D. Compute values of g/g, to nine pignificant figures for all tabulated
values of H by means of equation (12).

E. Compute values of Ty in °k to nine significant figures for all tab-
ulated values of H, using equation (8) and the values of I‘M tabulated in
Sestion 3.1.5 .

P. Compute values of Tpy/(Ty), to nine significant figures for all tabu-
lated values of H, using the Jefined value of (Ty)o» 288,16°K,

G. Compute values of [‘1‘ J/ (T}I)o] 3 to nine significant figures for all
tgbu]ated values of H,

H. Compute values of P/P, to nine significant figures for all tabuleted
values of H frem equations (17a) through (17c), as each applies to its
rgspective altitude range.

I. Compute value of M to nine significant figures for all tabulated
values of H, using equations (24), (2ha), and (24b) as each applies to its
respective altitude region.

J. Compute values of }L/HO 4o nine significant figures, using the defined
value of My, 28.966.

K. Compute values of T in K to nine significant figures, and T/T, for
all tabulated values of H above 90,000 m!, usi equations (30) and (30b),
in terms of previously determined tities.nl%Below 90,000 m?, T = Ty,
and 1/T, = TM/(TM)O; hence T and T/T, need not be computed for this al-
titude region.)

L. Compute values of (T/T°)3/ 2 4o nine significant figures for all
tabulated values of H up to and including 90,000 m! only. For this

B e e
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altitude region,

RGN EV2:P% N LV L

To + S
M. Compute values of ; o to nine significant figures for all tabulated

values of H up to and including 90,000 m* only, using 5 = 110.4 °K from
equation (31).

N. Using the previously established ratios and the following equations,
compute to nine significant figures the values of the eleven ratios of
atmospheric properties to their respective sea-level values, for all
tabulated values of H, except in the case of Cs/(Cs)os K/Hy 5 and

] /Mo » which are computed only to 90,000 m! inclusivelys

~

A e
——
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(284)
Lo

L}

(29¢)

_[T°+s. _3_]3/2 1)

+8S To

B
& (32v)

-h .
2

0. Compute the mks values of g, P, P , Hg, Cg, v, ,v,nlI,

v ,p, and 7 to nine signiticant figures in the mks absolute
units by multiplying the tabulated values of e/ 809 P/Po and the
tabulated values of each of the eleven ratios listed under step N
respectively, by the following corresponding, sez_z-level values,
as they are basically defined or as they are derived by the
several equations, -sing the mks system of units,

g ™ 9,80665 m sec™2, defined (Section 2.1.1)
* (Ty), = 288.16°K, defined (Section 3.1.5)
P, = 101,325 newtorsm™2, defined (Section 3.2.3)
P, = .76 m Hg, defined (Section 3.2.3)
p, = 1.225,013,998 kg 3 from equation (18a)
(8y)o = 84130,113,13 m noo (1%)
(Cg) = 340,292,046 m sec~1 w n (20b)

i d are
# These properties are listed here only for completeness an
'fxo:susgd gn step O of the computational procedure since values
of Ty, M, and T have already been tabulated.

56
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= 158,942,035 m sec™ from equation (21b)
= 12.013,283,5 kg m~2 sec? LI (23v)
= 29.966, defined "o (2k)
23.6L5, 4,1 m3 noow (26v)
2.547,552,07 x 1025 "3 (27b)
6.631,722,3 x 10~8 m (26v)
6.920,10L,9 x 109 secL (29)
288.16 (30a)
1.789,428,53 x 105 kg n-l sec-l . (31a)
= 1,460,741,29 x 10~5 m? sec~l (32a)

P, Compute the values of P, p , w , and p in the mks, absolute-force,
gravitational units®** to nine significant figures by dividing the tab-
ulated mks absolute values of these four properties by 9,80665 m sec=2
kg kgf~1 (exact) from equation (36). In principle this procedure is
equivalent to multiplying the tabulated values of F/Py, p/p, , w/w,,
and pu / A by the following sea-level values in gravitational

unitss

10,332.274,5 kef m™2, from equation (37)

121,916,663 kegf sec? ml, . = (38)

1.225,013,998 kgf m™3, LI (39)
1.82L,709,28 x 10-6 kgf sec m2, " ® (40)

Q. Independently repeat the entire procedure of steps A through P,
compare the two results, and account for any discrepancies.

s See footnote on page 56.

3% The remaining atmospheric properties of this MODEL are numerically
and dimensionally equal in both mks systems tabulated.
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significant

of the sixteen properties discuss
tabulated for other than sea-level values.
tables,
viscosity are given only in

7.4 Significant Figures

the defining properties, and the
being exact, and thus they

the tables. Such a procedure makes for

from arbitrary decisions and dozs not
idity of the values

The sca-level values of the various properties are given to eight or
figures depending on whether the first significant figure is
Tabulated values of geopotential and geometric

nine significant
greater than or less than 5.

+ed values of g are given in six
significant figures for all altitudes.
are given to five significant figures
75,000 m?,
figures.
values are
of the property.

|
l
B

7.5 Accuracy of Tabulations

from the eguations developed aboves
discussed in Sections 3 and
any discrepancies in results were resolved.

possibility of computational error exists.

7.3 Tabulations® Presented -

ed, only one,
Tn the present

the values of pressure, density, spec
the absolute system of units.

The number of significant figures to which these tatles might be
compubed is limited only by the capabilities of the machine.
functional relationships are all specified as
do not limit the numbter of significant figures of
inte
The choice of the number of sienificant figures tabulated
in the slightest amount indicate the val-
in depicting the actual atmosphere.

altitude are listed to the nearest meter or standard geopotential meter.
significant figures* and values of T to five
The values of the remaining properties
from =5,000 m' to +75,000 m',
the values of these properties are given %o only four significant
The ratics of the various properties
given to one more significant figure _han the corresponding value

The metric tables were prepared with the aid of desk calculators
The values of the atmospheric properties
l; were computed independently by two people and

tabulated values of these properties will be
tables of properties in Section 5 have been computed only once and here some

R, Tabulate the corrected results to any desired nunber of significant
figures less than nine, with values of the ratios always given to one more’
figure than the values of the property jitself.

the mol-volume, is not
edition of the _metric
and coefficient of

ific weight,

The constants,

to any degree desired.
in this MODEL resulted

Tabu=-

Above

to their respective sea-level

e e ——— 4%
3

Any errors which may appear in the
due to inaccurate copying. The

% A comparison with a more
the sixth significant figure is
effective gravity above about 4Q km.

e e o
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8. Preparation of the English Tables

8.1 Conversion of Basic Units
The English tables of THE ARDC MODEL ATMOSPHERE are given in terms

of the foot (ft), pound (Ib), second (sec), and degree Rankine (°R), each

of which is defined exactly in terms of the corresponding units employed in

the metric tables. The second, of course, is common to both the English and

metric cystems of measurement., The foot and ths pound are defined as follows:
1 £t = 0,3048 m (exact)* {h1)
1 1b = 0.153,592,3 kg (exact).** (42)

The magnitude of the degree Rankine in terms of the degree.Kelvin is derived
from the defined relationship of the two itemperature scales:

T(°R) = 1.8 7(%) (Ref. €0) ' (13)
where T(°R) is the absolute temperature in the thermodynamic Rankine scale.
From equation (43) one infers that
19K = 1,8°R (exact), (L3a)

and from equations (41), (L42), and (43a) respectively, one determines the
following three conversion factors:

1 = 0.3048 m £t~ (exact) (L1a)

1 = 0.453,592,3 kg 1o~ (exact) (42a)

1 = 1.8%R (°K)L(exact). (L3b)
These three factors are sufficient to convert values of all atmospheric pro-

perties in the mks 9K sbsolute system of units to the correct values in the
fps ©R absolute system of units.

% WPhe round value has been accepted by the U.S. National Bureau of Standards
and the Commonwealth Standards Laboratory as the cormon basis on which the
American and British representation of the 'foot' should be unified when neces-
sary legal provision is forthcoming.m 26-28

a% "This value is based on an informal understanding between the National Bureau
of Standards (Washington, D.C.) and the National Physical Laboratory (Teddington,
England) that this rounded quantity would be convenient if the English-speaking
nations could arrive at a ugifgm basis of conversion from the metric to the
English system of uni.ts,n, 20-2
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8.2 Other Necessary Conversions
8.2,1 English absolute to English gravitational units

As in the metric system of units, the English gravitational
system enployed in this MODEL is not a pure gravitational system where the
unit of force varies with the location in accordance with the value of g.
Rather, lhe unit of force, the pound force (1bf) is taken to be that force
vwhich gravity exerts on a pound mass (1b) at a point wherc g has the standard
sea-level value of this MODEL, g,. The definition of the pound force in equa~
tion form is

11t =g, x11b. (L)

Dividing the defined metric value of g, by the conversion factor of
equation (L1a) ylelds

_ 9.80665

-2
€ " T 3ou8 £t sec (bs)

= 32.17L,048,55 £t sec™2. (45a)

9.80665

1 1bf = ~30L8

£t sec™21b. (hha)

Since torce has the dimension of 1bf, and acceleration is in
ft sec~2 by Newton's second law, mass must have the dimensions of 1bf sec2 ft-1,
This unit is called the slug. Solving equation (Lha) for L 1bf sec? ft-1, one
obtains:

1 slug = 1 1bf sec? £5-1 = %ﬁ%ﬁ 1b. (45)
Thus we find that the slug, the unit of mass in the English (absolute-
force) gravitational system of units is exactly 9.80665/.30L8 times as
large as 1 1b (mass) The tactor for converting back and forth between the
two Englsih systems of units employed in this MODEL is therefore:

P U 1

1w 9:80665

e O sec=2 1b 1oL (16)

_ 9.80668

1= 30u8

b 31\18"1 (46s)

RPN PIRIPARCN BN
v ]
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8.2,2 Metric gravitational to English gravitational units

The combining of equations (35), (42a), and (LS) yields the
following direct relationship bectween the metric and English gravitational
units of mass:

21453,592,3

58 (kgf sec? m™1), (L7)

1 slug = 1 (1bf sec? ft~1) =

Dividing the two right-hand members of equation (47) respectively by the cor-
responding parts of equation (41a) yields

1 1bf = ,153,592,3 kef. (48)

This equation provides the factor for converting directly between the two
gravitational systems of this MODEL:

1 = ,153,592,3 kgf 1bf~L. (L9)

8.2,3 Rankine-to-Fahrenheit scale and Kelvin-to Fahrenheit scale
conversions

The relationship of the thermodynamic Fahrenheit temperature
scale to the thermodynamic Rankine scale is established by the following def-
inition:

t (°F) - t4(°F) =T (°R) - T5(°R), (50)

where t;(°F) is defined to be 32°F (exact)" 5 the ice-point temperature.

Using the definition of T; in °K (see Section 3.1l.L) and
equation (43), one obtains

T; (°R) = 1.8 x 273.16 = 1,91.688°R.
Introducing equations (43) and (51) into equation (50) yields
t (°F) = 1.8 (T°K - 273,16) + 32.

8.2, Standard geopotential meter to standard geopotential
foot

From squation (1) it follows directly that
1 std. geopotential foot (ft!) = 0.3048 x 1 std. geopotential meter m?!. (53)
Thus the factor for converting m! to ft! and vice versa becomes:

1 = 0.3048 m* £t1~L(exact). (53a)

£ Basic constant
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8.2.5 Geometric meter to nzutical mile

The defined conversion® from meters to the international
nautical mile (i n mi) in this MODEL is:

1(inmi) = 1,852 meters (exact). (sh)

The conversion factor is therefore:
1=1,82m (nm)t (Ska)
8.3 Sea-Level Values of Atmospheric Properties in English Units

By means of equation (43a) for Ty or by the proper application of
equations (4la), (L2a), and (L43b) to the mks, absolute, sea-level values of the
various other atmospheric properties listed under computaticnal procedure, step 0
of Sectinn 7.2, the following sea-level values in English absolute units*¥* are
derived. The Engiish absolvte values of P, g)o s Wo, and K, , when divided
by the conversion factor given in equation (46) yield the sea-level values of
these properties in the English (absolute-force) gravitational system,¥#¥*

g, = 32.17L,048,55 £t sec™2, from equation (LSa)
(Ty), = 1.8(288.16°K) = 518.688°R

101,325 x 3048 . g5 087.266,9 1b £t-1 sec~2
»1153,592,3 or poundals £t=2

326 x 2
101,325 = (IOU8)” . 5 116.216,95 1t £4°2
.1i53,592,3 x 9.80665

- o176 x 12 -
o 29.921,259,84 in Hg (56b)

United States Department of Defense Directive 2045.1, 17 June 1954, directed
the adoption of the international nautical mile (equal to 1852 meters) as a
standard value with the Department of Defense effective 1 July 1954.

See Appendix J,

All remaining properties are numerically and dimensionally the same in both
systems.

’
ot e o — . 1

‘

B e R R i Laat o
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. 1.225,013,998 x (.308)3 | e 17w 1371 10 0673
oh53:592’3

- 1.225,013,998 X (.BOhB)h - 2.376, 919’99 x 10-'3 lbr 5802 ft"h
'h53’s92’3 X 9.80665 or Slugs i't"3 (57‘)

- 8l3hl13,l3 58)
o 2.767,196,007 x 104 £t

- 3h0.29§820h6 - 1.116,15’43,720 x 103 ft sec-l (59)
«30

- .h____.:....58-9h28°35 = 1.505,715,337 x 10? £t sec™! (60)

2
= 12-013)28335 X (030’-18) -2, 60 ]_h 77 1b n—2 sec-z (61)
153,592,3 460,51k,

_ 12.013,283,5 x (.3048)3
0,453’592,3 x 9-80665

= 7.647,513,72 x 1072 1be £t=3 (61a)

28.966 (nondimensional) (unchanged) (62)

w 23.6L5,LL,08 g3 035 977 143 (©3)
(.3048)3 ‘

2.547,552,07 x (.3048)3 x 1025 = 7.213,86k,125 x 2023 1473 (6L)

_ 6.631,722,29 x 1078
.3048

= 6.,920,L04,91 x 10° sec™l (unchanged) (66)

= 2.175,761,906 x 10~7 % (65)

-5
. 1,739,1,23:53;;2.;01;8 x 2077 _ 1 202,110,640 x 10°°1b £t-tsec™L (67)
. y>7Cy
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- 1.789,1i28,53 x (.3048)2x 1075
.153,592,3 x 9.80665

K

o 1,160, 701,29 x 105
(.30L8)2

T

It is to be noted that only three exzctly defined numerical constants yHers employed
Hence the English values
any number of significant figures consistent with the metric absolute Y¥alusy

in all the above conversiona,

8. Calculation of the English Tables
8.4.1 Functions employed

This MODEL
gradients of molecular-scale
of altitude exprezsed in m! >
units. These definitions cannot be coaverted
is preferable to compute English tables from
for the metric tables, after
altitudes to metric altitudes,
properties by another conversion.

temperature in

8.k.2 Altitude increments

The argument of ths English tables, similar to the metric tables,
of a fixed altitude increment in both
geometric feet and standard geopotential feet, i.e.,

nx2500ﬁ'.andn12500rt',

=5, =k, =3, -2, -1, 0, 41,2,3 'stc, to 2. From ~15,000 £ttt to
increment is 2500 £t or ftt; from 60,000 £t! to 300,000 £t1, the

is given in.consecutive integral multiples

whers n = .6,
60,000 £t! the

inerement .is 10,000 ft or ft 's from 300,000 ft! to 500,000
25,000°ft or £t%; from 500,000 ft! to 1,000,000 f£t°,
or £t'; and from 1,000,0C0 ft! to 1,700,000 £t

ft1,

8.4.3 Altitude conversions

In order to use identically the same equations for converting
for the English tables as was used .
in the metric tables, these conversions must be made in metric units, Thus, to
convert tha tabulated integral multiple values of ft to m!, multiply the altitudes
» from equation (4la),
results to m! by using equation (5),
m! is then converted to ths equivalent in.ft! by dividing by exactly ,3048 mt fgi1~i

between geopotential and geometric altitude

in £t by exactly ,3048 m £t-1
meters, and then convert the

es

Declassified in Part - Sanitized Copy Approved for Release

= 3.737,299.76 x 1077 1bf sec 42 (67a)

= 1.572,328,83 x 107 1t2 geg=l

ATMOSPHERE i3 defined exactly in terms of various

%K m'~1 between specific exach values
onstants defined exactly in metric
exactly to English wiits,

and in terms of ¢

first making the necessary conversion of the English
and then obtaining the English values of the various

» the increment is 100,000 ft or

(68)

may be reliably ocapided to

ctly the seme equations used

£t1, the increment is
the increment is 50,000 ft

to. obtain the equivalent in
This value of
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| from equation (S32).
thg conversion to m!

of ft is then obtained by means of equation
cited and the constants of equations (5)

8.4.ls Computational procedure

Having arranged in sequence the values of mt? for each English
the computation of the tables procesds exactly as
but stopping short of O.

altitude to be tabulated,

indicated in Section 7.2, steps D through N,

Compute the values of Ty and T in % to
equation (9).
of Ty and T in OF to nine gignificant figures from the Kelvin values by using

figures from the Kelvin values by means of

equation (50).

Compute the values of the remaining properties in English
the ratios of the various properties determined
in step N by their regpective sea-level values in the desired English absolute and

units from the multiplication of
absolute-force units.
. 8.4.5 Tobulated values

In this edition of the HODEL,
cussed are contained in the English tables.
gesignated by g, Py P » Cys M, T, p,end?n .
are given only in Type I,

These tables were prepared from a single computation using
desk calculators; as the values have not been chec

some chance of error exists.

. Above 60,000 ft the altitude increments of the English tables
are considerably larger than the increments of the metric tables.

Starting with tabulated, integraly
is directly by means of equation (53z).
is then converted to m ty means of equation Eﬁ) ,)a.nd ‘the corresponding value

1a).
and(6) are all defined %o
conversions may be carried to any desired mumber of significent figures.

only half of the properties dis-
The properties tabulated are those
Tt shouldbe noted that p
absolute-force, gravitational units, while P is given
not only in this system (1bf ££-2) but also in mb and in inches of Hg.
atures in the English tables are given in G, OF, and °R.

ked by independent calculations,

multiple values of e,
This value of m?

Since the conversion factors
be exact, the

nine significant
Compute the values

and p

Temper-

o
P
LR
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Fe Conclusions and Recommendati ons
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Seation 10

METRIC TABIES
OF THE
ARDG MODEL ATMOGPHERE, 1956

NOTE: Superscripcs appearing in the following
tables indicate the power cf ten ‘?y which each
tabulated value should be multiplied.
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METRIC TABLE I

TEMPERATURES AND MOLECULAR WEIGHT AS FUNCTIONS
OF GEOMETRIC AND GEUPOTENTIAL AT M1TUDE

43y gt "'ﬂ'l;'ﬁi_\\‘ T ful?.}«;u'n

TRESTT
H3

MOLECULAR SCALE | REAL KINETIC

n MOLECULAR WEIGHT

H,w'

| TEMPERATURE

Ty K ™/ To | To°K

-5,003.9 320.69 1.11287
~5,000 320.66 1.11278
-l4,002.5 314,18 1.05028
-4,000 314.16 1.05023
-3,001.4 307.67 1.06770
207.66 1.06767
z01.16 1.04513
%01.16 1.04511
204.66 1.02256
294,66 1.02256

288,16 1.000000
281.66  .97H4k3
281.66  .OTE4M3
275.16 .95

275.16  .951886
268.67  .932364
263.66  .932329
262.18  .909842
262,16 .909772

255.69  .885237
255.66  .887215
2kg.20  .864797
049.16  .864659
oh2.71  .8h2275
oho.66  .842102
236.23 .819788
036,16  .B819545
229.7h 797265
229.66  .796988

1.00000 for altitudes up to 90 km'

same &8 ‘1‘M for altitudes up to 90 km'
same as Ty,/Ty, for altitudes up to 90 km'
constant at 28.966 for altitudes up to 90 lm'

203,26  .TT4TT8
20%,16  .TT443L
216.78  .752290
216.66  .75187h4
216.66 .751874
216.66  .T5187h
216.66  .75187h4
216.66  .75187h
216.66  .751874
216.66  .T75187h
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METRIC TABLE T CONTINUED

i TEMPERATURE a MOLECULAR WEIGHT
ALTTTUDE a:domcumx SCALE |REAL KINETIC

° °k | /T H M MM,
%,m H,m' “TM, K | Ty/Tuo | T2 /Tq

. 1.00000
15,000 14,965 216.66 .751874 28.966
15'055 15,000 216.66 .751874
16’000 15,960 216.66 75187k
16'0140 16,000 216.66 .75187h
17’000 16,955 216.66 .751874
17’ol+6 . 751874
18,000 . .75187::
18,051 18 . :{{gig%h
1313?91 1 216.66 .T5187h

. . 75187k
23’8%% 66 .T5187h
21,000 . .75187h
21, 070 LT5187%
25,000 75187k
20,076 .75187h
23,000 66 .15187H
23’081; . .751874
ol 000 .75187h
21;:091 000 216.66 75187k

216.66 .751874
2?’383 216.66 75187k
26,000 219.34 .761182
26, 107 216,66 .7§g§§5
27’ 000 222,32 .77 ,vg
27’ 115 222.66 .772698
28,000 225.29 .76182
28’ 124 205,66 783107
29’000 208.26 .792146
29,133 228.66 193517

1.00000 for altitudes up to 90 km'

same as Ty for altitudes up to 90 ¥m'
< m'
seme as Ty/Ty, for altitudes up to 90

constant at 28.966 for altitudes up to 90 lm'

0% .24 .802461
3;()),(1)22 s 231.66 .803928
51’000 ozh,21 .812773
51’ 152 234.66 814339
521000 31,840 237.18 .825081
32,162 2%7.66 .824750
53’ 000 240.15 833387
53’ 172 2ho.66 .835161L
3k, 000 4312 LBU3689
3,185 34,000 243.66 -Bu55T2

e e > e memer—
e - o g . o -
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METRIC TABLE I CONTINUED

TEMPFRATURE
ALTITUDE ¥ Lo1ooUlAR SCAILE | REAL KTrETIC | MOLECULAR WEIGHT

Z,m Ty K | Tw/Tyo| T5°K | T/To M H/H,

35,000 246.09 .853988 28.966 1.00000
35,194 246.66

3€,000 249.05

36,205 36 249.66

37,000 252.02

37,217 252.66

33,000 25%.68

38,229 255.66

39,000 257.95 .895151

39,24k1 258.66 .897626

40,000 260.91 .905433
40,253 4o 261.66 .908037
43,000 263.87 .915T13
k1,266 264 .66 .918448
42,000 266.83 .925989
k2,279 L2 267.66 .928859
k3,000 269.79 .936262
43,203 270.66 .939270
44,000 272.75 946532
Lk, 307 273.66 .94o681

45,000 275.71  .956798
45,321 276.66 .960092
46,000 278.67 .967062
46,335 L 279.66 .970503
47,000 281.63 .977322
47,350 282.66 .980913
48,000 282.66 .980913
48, 365 282.66 .980913
k9,000 282.66 .980913
kg, 381 282.66 .980913

50,000 282.66 .980913

50,396 282.66 .980913

51,000 282.66 .980913%

51,412 282.66 .980913

52,000 282.66 .980913

52,429 282.66 .980913

53,000 . 282.66 .980913

53,446 282.66 .980913

5k,000 280.53 .973535 :

54,463 278.76 .967379 28.966 1.00000

1.00000 for altitudes up to 90 knm'

same &8 'I'M for altitudes up to 90 km'’
same 88 Ty/Ty, for altitudes up to 90 km'

constant at 28.966 for altitudes up to 90 m'
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METRIC TABLFE I CONTINUED

TEMPERATURE MOLECULAR WEIGHT
MOLECULAR SCALE | REAL KINETICa ¢

Z,m

Ty °K

Tw/To | T °K | T/To H M M/M,

55,000
55,480
56, 000
56,498
57,000
57,516
58,000
58,53k
59,000
59,553

60,000
60,572
61,000
61,591
62,000
62,611
63,000
63,631
64,000
64,651

65,000
65,672
66,000
66,692
67,000
67,71k
68,000
68,735
69,000
69,757

70,000
70,779
71,000
71,802
72,000
72,825

276.70
274.86
272.87
270,96
269.0L
267.06
255,21
263,16
261.38
259,26

257.55
255.36
253,72
251.46
249.90
247,56
246.07
213,66
242,25

239.76

238.43
235,86
23k .61
231.96
230.79
228.06
226.97
224,16
223,15
220.26

219.33
216.36
215.52
212.46
211.70
208.56
207.89
204.66
204,08
200.76

.960230 28.966 1.060000
.9538L45
.9k6g929
940311
<933633
.926717
.920340
913243
.907052
.899709

-893767
.886174
.880487
.872640
867211
.859106
853939
845572
.8Lo6T2
.832038

.827408
.818504
.814148
.80k969
.800893
<T91435
.T876k2
<T77901
<TT4395
.T64367

. 761152
. 750833
< THT913
- 737299
.T34678
723765
721448
.7102%0
.708221
.696696

1.00000 for altitudes up to 90 km'

same as TM for altitudes up to 9O km'
same a8 Ty/Ty, for altitudes up to 90 km’
constant at 28.966 for altitudes up to 90 km'

70
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PPRPUINIE: JOT RO

==

METRIC TABIE I CONTINUED

ALTITUDE

TEMPERATURE

MOLECULAR SCALE | REAT, KIRETIC

“ MOLECULAR WEIGHT

Z,m H,m'

H

T, °K

Tw/Te i T°K

T/To

| »

M/,

Th,125
75,000
15,102
76,000
76,078
71,000
11,055
78,000
78,030
79,000

79,006
79,981
80,000
80,956
81,000
81,930
82,000
82,90k
83,000

83,878
8L,000
84,852
85,000
85,825
86,000
86,798
87,000
87,771
88,000

88, Tk
89,000
89,716
90,000
90,688
91,000
91,659
92,000
92,630
93,000

200.27
196.86
196.86
196.86
196.86
196.86
196.86
196.86
196.86
195.86

196.86
196.86
196.86
196.86
196.86
196.86
196.86
196.86
196.86

196.86
196.86
196.86
196.86
195.86
196.66
196.86
196.86
196.86
196.86

196.86
196.86
196.86
196.86
199.27
200.36
202.67
203.86
205.07
207.36

.694999
683162
.683162
683162
683162
.683162
.683162
.683162
.683162
.683162

.683162
633162
.683162
.683162
.683162
.683162
.683162
.683162
.683162

.683162
.683162
.683162
.683162
.683162
.683162
.683162
.683162
.683162
.683162

.683162
.683162
.683162
.683162
.691526
.695308
.703325
L7075k
{15109
.T19600

same as Ty for altitudes up to 90 km'
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same as Ty,/Ty  for altitudes up to 90 lm'

28.966 1.00000

constant at 28.966 for altitudes up to 90 km'

1.00000 for altitudes up to 90 km'
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METRIC TABLE I CONTINUED

TRMPERATURE
ALTITUDE | yorECULAR SCALE | FRAL KINETIC

- M
Z,m H,m' “Tw°x Tyy/Tiio | T2 K T/Tol " Mo

u MOLECULAR WEIGHT

3 . 6 09511“7

009.46 .726502 199.3 .69165 27.5 L

95’?3_?. 35’(6)&1) 218.86 5746 199.8 69334 27’2*3 gtéi}(

32’000 oh,572 212.86 738691 eoo.é '6—95?\% 21.18 ~omAl2

961 05,000 2uk.36 .ThsBo2 L2 LFEL Tinl oss,

97,000 95,542 216.26 .T50MTT 202.0 o505 0308

97,472 96,000 217.86 -156038 2027 56.8 .92661

98,000 96,512 219.65 .762238 205.5 26.7h .92322

98,505 91,000 22138 I s . a6.65 1200k
gg;‘;%i gg;ooo 20,86 .7803%0 2 . 26.56 -9

. .g1k2e
100,000 98,451 226.Lk 785811 0 . ggl;g .31102
100’ 566 99,000 208,36 .792476 .0 . 26-20 oete
101,000 99,420 229.83 .797582 9 . 2.3
101’ 598 100,000 231.86 .80ok622 . 2.2t T
1021000 100,389 233.22 .8093!&6% . 20:15 ool
102,631 101,000 235.30 .8167 2620 T
103’000 101,358 236.61 .821115 . o ety
103’665 102,000 238.86 .82891k 291 oo
10k.000 102,326 240.00 .832873 2592 Leoses
1oh:696 103,000 242.36 .841061

25.82 ggg:
25.75 -

25,72 .88806
25.65 88557
25.63 .88483
25.56 .882k1
25.54 .88182
25,48 .87948
25.46 .87903
25.k0 .876T5

2R
> nO WO

000 103,294 243.39 .8ll629
ig§:750 10k,000 245.86 .852201
106,000 104,261 246,78 .856382
106,764 105,000 249.36 .82335;
167,000 105,229 250.16 .8 til
107,798 106,000 252.86 .877892
108,000 106,196 253.55 .8796§F
108,832 107,000 256. .8896 g
109,000 107,162 256.93 .89} 1
109,867 108,000 259.86 .901T91

REBBERBEEE B
o boin bk tn 0 ’

25.39 87642

110,000 108,129 26C.31 -903356 25.32 87420

2 109,000 263.36 913937 ‘25 87397
iig’ggo 1031095 263.69 915091 22.25 .e%iga
111,937 110,000 266.86 .926085 232 Saies .B7168
112,000 110,061 267.07 .926822 232. 25.19 .86958
112,973 111,000 270.36 .938229 . 25.19 .8€952
113,000 111,026 270.k5 -938549 . 25.15 L8649
11h,000 111,992 273.83 .950213 271. 25,13 .86THT
114,009 112,000 273.86 950375 25T-

e = -

SRR e R

pros s,

e

H
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METRIC TABLE I CONTINUED

TEMPERATURE SULAR WELGHT
ALTTTUDE H MOLECULAR SCALE | REAL KINETIC ||M°LE

Z,18 E,uw' “ Ty °K T/ Tao| T2 K T/T, “ M M/, _

. .86558
2 277,21 .961993 239.9 .83268 25.07
il N RE
116,000 113,921 280.358  .970({0 . . .02 .86362
i 000 280.86 .97ho6| 242.6 .BMLT5  25. .
i Mils s ol a8 B R
117,119 115,000 28kL. .9 . -850k Oh.ga '860u3
118,000 115,850 287.33 .9971i31 oh7.2  .8579 “h' 2 '86019
6 116,000 287.86 .998959 ok7.6 .85929 2h.9 .
iig’égo 112,813 290.71L 1.00884k  249.7 .966h8 24.87 .gsggg
119j19h 117,000 291.36 1.01110 250.2 2681  24.87 .85

oy

.02054 252.2  .87504 24,84 .85Th3
.02325 252.7 .87703 24,83 .85710
o322k 254.6 .88363 24,80  .856Ch
.035k0 255.3 .88596 2L.T9 .85567
.oh393 257.1  .89226 24.76 85471
.ok75h  257.9  .89h93  2k.75 85431
.05562 259.6 .90091  2k.72 .853h4h
.05969 260.5 .90393 24,71 .85%02
L6751 262.1  .90960 23.69 .82252
0718k 263.1  .91297 4,67 .85170

120,000 117,777 294.08
120,232 118,000 294.86
121,000 118,740
121,270 119,000
122,000 119,703
122,309 120,000
125,000 120,665
123,348 121,000
124,000 121,627
124,387 122,000

078 26k.6 .91831 24.65 .85108
.oéjgg 265.7 .92204  2h.6h .85060
.09067 267.1  .9270k 24.62  .8BL99T
.09613 268.3 .93113 oh4.61  .BhoLT
10235 269.7 .93580 24.59 .8?892
.10827 270.9  .9h025 24,57 .848k0
J1ko2  272.2  .ouhs8  2k.56  .84T90
.20k2  273.6  .ougho 245k 84736
.13549  277.1  .96168 2k.535 .84693
.15512  28L.7 .97766 ol,52 84637

125,000 122,589
125,427 123,000
126,000 123,551
126,467 124,000
127,000 124,512
127,507 125,000
128,000 125,473
128,548 126,000
125,000 126,434
129,589 127,000

PRREHFPRPRPPRE RPRERHEERPPERE

16882 284.9 .98881 2h.51  .84599
.18983 289.9 1.C059 Eﬁ.ﬁg .gtgg;
131,000 128,355 2021k  292.7 1.0159 2. .
e i wete ag Spg Lokl ¢ B
132,000 129,315 . 1. . -0k 2o '8h365
132,774 130,000 . 1.25923 306.1 1.0623 . .
1251330 1221195 . 1.33532 323.9 1.1241 23.38 .gulgg
137,929 135,000 .85 1.hk3275 3W6.7 1.2031  2k.32  .039

130,000 127,395
130,620 128,000

e

|
|
|

o e st e = e ——_
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METRIC TABLE I CONTINVED

TEMPERATURE MOLECUZAR WEIGHT
MOLECULAR SCAIE | REAL KIHSTIC

Tyys °K Ty/Tyo | T°K T/T, M M/M,

140,000 432.69 1.50157 362.7 1.2588 .83835
1&3:155 : 462,86 1.60626 287.2 1.3435 .Bgshh
145,000 480.52 1.66755 hol.h 1.3931 . 87541
148,385 1% . 512.86 1.77978 L27.6 1.k837 . .85366
150,000 1k 528,28 1.83329 L440.0 1.5269 . .83288
153,825 562.86 1.95329 467.9 1.6237 . .83127
155,000 575.97 1.99877 U478.5 1.6604 . .83069
158,874 155,000 612.86 2.12680 508.2 1.7635 . .82919

160,00¢ 156,072 623 58 2.16399 516.8 1.7935 . .82878
164,131 16o:ooo 662.06 2.3003%2 548.4 1.9032 82737
165,000 160,826 671.12 2.32897 555.1 1.9263 .96 .82709
169,397 165,000 T712.86 2.47383 586.6 2.0428 . .82575
170,000 165,572 T718.58 2.49369 593.2 2.0587 .82558
174,671 170,000 762.86 2.64735 628.8 2.1823 . .82k32
175,000 170,311 765.97 2.65815 631.3 2.1509 . .82424
179,954 175,000 812.86 2.82086 669.0 2.3217 . .82203

180,000 175,043 3.1 2.8217hk 669.1 2.3220 . .82290
185,000 179,768 . 2.9168% 679.7 2.5288 A .80869
185,245 180,000 . 2.92150 680.2 2.3606 . .80802
184,486 . 3.01179 690.4 2.3960 .79555
185,000 70. 3.0221% 691.6 2.%00L . . 79418
189,196 . 3,10660 701.3 2.4336 . .78337
190,000 . 3.12278 703.1 2.4h01 . .78138

193,8 3,20127 T12.2 2.4715 . .T720k
1322028 928. 3,20342 T14.8 2.4k80L . . 76951
198,595 . 3.29579 T23.2 2.5097 . . 76149
200,000 . 3.32406 726.5 2.5212 . .758L6
203,284 . 3.39016 T34.3 2.5481 . .35162
205,000 . 3,hk0469 T728.3 2.5622 . Th816
207,966 . 3.484k0 Th5.4 2.5867 .Th238
217,175 210,000 . 3,52533 750.3 2.60%6 . T3854

«ST3371
.72953
«72555
. 72106
.71787
.T1310
. 71062
. 70561

832

220,000 212,641 . 3.57849 756.6 2.6256
222,526 215,000 . 3.62597 T762.3 2.6452
225,000 217,308 . 3,67243 T67.8 2.6645
227,887 220,000 . 3,72661 T74.3 2.6871
230,000 221,969 . 3.76628  T779.1 2.7037
233,256 225,000 3.82705 786.5 2.7292
235,000 226,622 . 3.85990 790.4% 2.7h29
218 674 230,000 . 798.6 2.7715

| BBBEBRREE RRP
CERRIZRBLG R

\
!
i

h
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METRIC TABLE T CONTINUED

TEMPERATURE CULAR WEIGHT
ALTITUDE MOLECULAR SCAIE | REAL KINETIC “MOLE

Z,m H,m' £ | B/To | K | T/To | M

KB EBY

240,000 231,268 . . 8L.7 2.7623
ehh’oal 235,000 . 810.9 2.81&2
2hs,ooo 235,908 . . 81;.1 2.322

ohy, k17 240,000 . . 825.2 2. 2 7
250,000 2&0 540 . . 824.5 2.8613
25&,821 ahs,ooo . 835.5 2.8995
255,000 245,165 . k. 23713 835.9 2.9010

260,000 2L9,78h4 16.6 4.32608 8u7.k 2.9407
260’235 2581000 .9 L.3%0h%  847.9 2 9h25
265,000 25k, 395 3.0 L4.418%0 €58.8 9802
265,657 55,000 .9 L.43108 860.3 2.985

270,000 258,999 .0 k4.51157 870.3 3. 0222
271,088 260,000 4.53172 872.8 5.0209
275,000 263,597 L.Eok11l 8B1.8 ?'0 0
276,528 265,000 .9 h.63236 885.3 3.0722

5 GEEBEBE
2 &

2
5555
&\J‘l\ﬂ

N F

280,000 268,187 4.69650 893.3 3.0999
281’977 270,000 .9 k.73%00 897.8 3.1157
285,000 272,771 .9 L4,78876 904.8 3.1398
287,435 275,000 .90 4.83363 9l0.h 3.1592
290,000 277,347 4.88088 916.3 3.1797
292,002 280,000 . h.9§ggz 922.9 3 2029
295,000 281,917 .0 L.97286 927.8

298,377 285,000 .9 5.03491  935.5

300,000 286,480 A 5.06470  92%9.3
303,862 290,000 .9 5.13555 94B.2
305,000 291,036 .9 5.15640 950.8
209,356 295,000 .9 5.23619 960.8
310,000 295,585 .3 5.2k797  962.3
314,859 300,000 .9 5.3383  973.5

320,000 204,663 .9 5.43069 985.3
5?5:893 310,000 1595.9 5.53810 988, 9
330,000 313,714 L4 5.61286 1008
536 963 320,000 .9 5.73938 102k
340,000 322,738 .7 5.794k9 1031
348,069 330,000 .9 5.94066 1050
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METRIC TABLE I CONSINUED

e & s

TEMPERATURE n
MOLECULAR SCALE | REAL KTNETIC j
Ty K T/ |T>°K T/Tq “ M M/M,

MOLECULAR WEIGHT

sz 735 1721.9 5.97558 1,054 3.6588 17.Th
333’223 340 3}69.3 6.1h194 1,075 3.75’:2 17.60
330’000 1773.6 6.15613 1,077 3.7255 17.29
570’000 349,648 1825.8 6.3361k 1,100 3.8181 17.h5
570’39h 1827.9 6.74321 1,101 3.8212 17.%5
380,000 3 1877.5 6.51561 1,123 3.8975 17.33
381’612 350, 1885.9 6.544hk9 1,127 3.9103  17. 31
590’000 1929.1 6.69456 1,16 3.9768 17.21
392,867 1439 6.7H5T7 1,153 3.9996 17.17

o} 1980.5 6.87297 1,169 %.0560 17.09
gg’goso 2801.9 6.9470% 1,178 4.0889 12.05
110,000 2031.8 7.05086 1,192 k.1351 16.99
hls’hgl 2059.9 T7.14832 1,204 41784  16.93
120,000 2082.9 7.22823 1,214 h.21k0 12.29
1;26:860 2117.9 7.34960 1,230 }4.2680 16. 2
430,000 2133.8 T.40507 1,257 }4,2928 16.79
l+38’267 2175.9 7.55087 1,256 k.3577 16.72
150,000 2184.7 7.58139 1,2A0 L.3713 12.20
l+l+9:713 2233.9 T7.75215 1,282 b uh75  16.62

60767

62
00 2035.3 T.75719 1,282 L.4ho8 16,

llizgigoo 2085.8 7.9%247 1,%05 4.5280 12.52
461,197 ’ 2091.9 T7.95343 1,307 h.537k ls‘zs
470,000 0336.2 8.10725 1,327 M4.6061 ls'hk
72,721 o3h9.9 B8.1547L 1,333 hk.6273 16.

480,000 2386.% 8.28151 1,350 L.68ko  16.38
484,283 2ho7.9 8.35598 1,359 K.TLT3 16.32
490,000 L 2436.5 8.45526 1,372 k. 7618 1,.3
kgs5,884 oiés5.9 8.55726 1,385 L4.BoTh  16.27

3 : 6.25
00,C00 olg6.h 8.62851 1,39k L4.8393 16.25
207’525 2523.9 8.7585F 1,411 %.8976 12.&8;
510,000 536.2 8.80125 1,417 1k.9167 16.1
519’205 o581,9 8.95981 1,437 4.9877 16.12
520’000 2585.8 8.97348 1,475 1%.9939 12.12
'550’000 489, 2635.3 9.14522 1,k61 5.0709 10.0
550’925 2639.9 9.16109 1,463 5.0780 16.06
5l+o;ooo 2684.6 9.31646 1,484 5.1489 16.01
542,686 2697.9 9.36237 1,489 5.1683 15.99

P T

13z
5

Toaaidl
o

Liep0d,
& ‘Qﬁ’f 3

BR RN

-

g
~ A

jrae
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METRIC TABLE II

PRESSURE, DENSITY AND ACCELERATION OF GRAVITY A§ FUNCTIONS
OF GEOMETRIC AND GEOPOIENTIAL ALTITUDE .

ACCELERATION
FRESSURE DENSITY OF GRAVITY

P,mb P/P, P,kg/m3 P/P, g,m/sec?| g/go

——

1.77763 1.75438  1.9%312 1.57644  9.82210 1.001575
1.%%29 1.75365 . 1.57591 9.§2209 1.001523
1.5960 1.57515 . 1.4k572  6.81901 1.0012

1.5956 1.57469 . 1.b4437  9.81900 1.001229
L1297 1.h1a0b . 1.32157 9.81552 1.0009 ?
4295 1.41082 . 1.72140 9.81591 1.0009k%
2778 1.26112 . 1.206567 9.81283 1.000630
2777 1.2610% . 1.20660 9.81282 1.000629
.1393 1.124k) . 1.09960 9.8077? 1.000315
1393 1.124k3%9 . 1.09958 9.8077% 1.000315

.
N s

.01325%3 1.00000 _ 1. 1.00000  9.80665 1.000000
3.353622 8.87008"1 1. 9.07475~1 9.80356  .999685k
8.9875 8.86994 . 9.07464  9.80356 .9996854
7.9501 7.84615 . 8.21671 9.80048  .9993710
7.9495 7.84556 . 8.21622 9.80048  .9993708
7.0121 6.920%9 . 7.42243  9.79740 .99905_28
71.0108 6.91917 . 7.42137 9.797H0  .9990503
6.1660 6.08537 . 6.68847 9.7ok32  .9987h27
6.1640 6.083% 6.686TL 9.79W31  .998Tk1Q

5.hok8+2  5.3341371 7. 6.01161°1 9.7912%  .9984287
5.4020 ?.g;i;? . 6.00006 9.79123  .9984275
L. 7217 4.65998 . 5.36859 9.78816  .90811k9
4, 7181 4,65635 . 5.38519 9.78815 .9981131
4,1105 4.05676 . 1.816k3 9.78509  .9978013
}4.1060 4.05233 .8¢ 4.81216 9.78506  .9977958
3.5651 3.51851 . 4.20206 9.78201 .997&871
3.5599 3.51339 . 4.23701 9.78198  .99T4BLS
3,0800  3.03977 . 3,81270 9.7789%  .99TLiThh
3.07h2 %.03401 . %,80685 9.77890 .9971704

2.6500*2 2.61532°F 4.135171 sy-1 9,77587  .9968612
2.6256 2.60903 4.1270 9.77582 - .9968562
2,2700 2.24030  3.6430 9.77280 .9965%81
2.2632  2.23358  3.6391 9.7727T%  .9965k21
1.9399  1.91k55  3.1193 . 9.76573 .9962332
1.9530 1.907T+  3.1082 . 9.76066  .99622 i
1.6579 1.63626 2.1659 . 9.366§6 .995922
1.6510 1.62943 2.6548 . 9.,§6>8_

1.4170  1.39849 2.2785 . 9.76360

1.4102 - 1.30172 R.2675

7
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FRERS | TS S

METRIC TABLE 1I CONTINUED

ACCELERATION :
ALTITUDE PRESSURE " DENSITY " OF GRAVITY

Z,m H,m* P,mb P/Po " Flk'é/m5 P/ P, " Z)m/seca 8/80
15,000 14,965 1.2112*2 1.19533-1 1.9475-1 1,58980-1 9.76053 .

15,035 15,000 1.208%  1.18889  1.9367  1.58007 3.$so£3 .§§§2§ZZ
16,000 15,960 1.0353 1.02173 1.6647 1.35891 9.75747 .994984kg
16,040 16,000 1.0287  1.01528 1.6542  1.35033  9.75735 .99L9723
17,000 16,955 8.8496+1 8,73388-2 1.423%0  1.16162 9.75441  .9946728
17,046 17,000 8.7866  B8.67167 . 1.1533%  9.75427 .9946585
18,000 17,949 7.5652 7.46623 . 9.93016"2 9.75135 .99k 3507
18,051 18,000 7.5048 7.40662 > 9.85088 9.75119 .9943448
19,000 }8,9&5 §.h67h 6.28285 . 8.18a025 9.74829 .99LoL48
19,057 19,000 4.4099 6.32611 . 8.4137y 9.74811 .9940311

20,000 19,937 5.5293'1 5.Ls69h-2 8.800972 7.2577972 g9.7u503 . 1
20,063 20,000 5.4748  5.40323 . 7.18634 g.'mgoh gg;{i:{(h
21,000 20,931 L4,7275 L.66564 . 6.20534  9.74218 .993h255
21,070 21,000 4.6761 L.61498 . 6.13797 9.74196 .9934038
22,000 21,924 L4,0420 3.98018 6. 5.30565 9.13912 .99311k0
22,076 22,000 3.9940 3.94173 . 5.24255 9.7%889 .99'30902
23,000 22,917 3.k562 3.41101 . k.53667 9.73507 .9928027
23,08k 23,000 3.h113% 3.36670 . L7k 9.7358L  .9927767
2k,000 23,910 2.955k 2.91677 . 3.87934 9.73302 .9924916
24,001 24,000 2.9137 2,87555 . 3.82k510  9.73274  .9924633

25,000 24,902 2.5273*1 2.49428-2 L, J317he2 9, .

25,099 25,CC0 2.4886 2.45606 . ;.26é58 3%27; ?;gﬁgg
26,000 25,80k 2.1632  2.13493 . 2.80L76  9.72692 .9918697
26,107 26,600 2.1278 2.10001 . 2.75490 9.72659 .9918365
27,000 26,886 1.8555 1.83126 . 2.37361 9.72337 .9915589
27,115 27,000 1.8233  1.79943 . 2.32877 9.72352 .9915232
28,000 27,877 1.52&9 1.57407 . 2.01332 9.72083 .991248M
238,124 28,020 1.5655 1.5450L . 1.97296 9.72045 ,9912099
20,000 28,868 1.3737  1.35573 . 1.711k7  9.71778 .9909379
29,133 29,000 1.3h469 32920 . 1.67520 | 9.71738 .9908967

30,000 29,859 1.1855*1 1.1700272 1. 1.458032 9.71k7h .9906276
30,1k2 30,000 1.1611 .1k5092 . 1.42540 g.;lhgl .38858;5
31,000 30,850 1.0251 . . 1.24k72 9.71170 .9903175
31,152 31,000 1.0028+0 . . 1.21538  9.71124 .990270%
32,000 31,840 8.8801 . . 1.06478 9.70866 .9900075
32,162 32,000 8.6776 . . 1.03640 9.70816 .989957%
33,000 32,830 7.7068 . al 9.12666°3 9.70562 .9896977
33,172 33,000 T.5224 . 8.88gLL 9.70510 .98a6LL43
34,000 33,819 6.7006 6. . 7.83821  9.70258 .9893879
34,183 34,000 6.5327 . 7.62473  9.70203 .989%331k
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METRIC TABLE IT CONTINUED

" ACCELERATION

ALTITUDE PRESSURE DENSITY OF GRAVITY

Z,m H,m’ P,mb P/Pq " p.ke/m> | P/p, g.m/sec?| g/go

35,000 34,808 5.8359"0 5.75060"3 8.261973 6.74437°3 9.69955 .9B8GOTEM
35,19% 35,000 5.6829 5.60855 8.0265 6.55217 9.60896 .989018%
36,000 35,797 5.091k 5.02486 7.2221 5.81390 9.69651 .9637690
36,205 36,000 L.9519 4.88717 6.9101 5.64082 9.69589 .9887056
37,000 36,785 L.hh93  4,39115 6.1507  5.02089  9.69348 .988hs597
57,217 37,000 4.3221 4,26562 5.9597  L.86497 9.69282 .9882927
38,900 37,774  3.894k4 3.8434Y 5.3209 L. 3435, 9.69045 .9881506
38,229 38,000 3.7785 3.72008  5.1489  L4.20313  9.68975 .98808CO
39,000 28,762 3.hk2  3.36052  L.6112  3.76h19  9.687h2 .9878416
39,241 39,000 3.3084 3.2651% 4, 4560 3.63753 9.68569 .98T7672

40,000 39,750 2.9977*0 2.95851~3 4.0027"3 3.267513 9.68439 .9875328
30,255 40,000 2.9013 2.86333 3.8629 3.15332 9.68362 .9874546
41,000 L40,737 2.6361 2.60159 3.4803  2.84105 9.68136 .98722W
11,266 41,000 2.5481 2.51474 3.3541 2.73803  9.68056 .9871h20
k2,000 k1,724 2.3215 2.29110 3.0310 2.47422 9.67834% .9869155
Lo,279 42,000 2.2411 2.21176 2.9169 2.38115 9.67Th9  .9868294
43,000 L2,711 2.047h 2.02060 2.6438 2.15815 9.67531 .9865072
43,2935 43,000 1.9739 1.94812 2.5408 2.07408 9.674h3  .9865169
44,000 43,698 1.8082 1.78k454 2.3096 1.88534 9.67229 .5852989
Ll 307 L4 000 1.7k11 1.71828 2.2165 1.80933 9.67126 .98620L4L

45,000 44,684 1.599170 1.57820°7 2.0206~3 1.6k946™° 9.66927 .9859908
L5,321 45,000 1.5378 1.51765 1.9364 1.58073 9.66830 .985E920
46,000 U45,670 1.4161 1.39763 1.770k 1.44523 9.66625 .9856828
46,335 46,000 1.3600 1.3422k 1.6942 1.383¢h 9.66523 .9855796
L7,000 L46,655 1.2558 1.2393%6 1.5535 1.268:2 9.66323 .9853750
47,350 47,000 1.20LL 1.18866 1.4845 1.21179 9.66217 .9852673
48,000 47,640 1.11k7 1.10014 1.3739 1.12155 9.66021 .9850673
48,365 48,000 1.0673 1.05333 " 1.3155 1.07383 9.65911 .98Lg550
k9,000 148,625 9.8961"1 9.76671-% 1.2197 9.95675'“ 9.65719 .9847598
ko,381 149,000 9.4578 9.33411 1.1657 9.51574 9.65605 .98L6L28

50,000 149,610 8.7C58-1 8.67088-4+ 1.0829-3 8.83961-h 9.65418 .98LL5oL
50,396 50,000 R.3310 8.271k2 1.0330 8.43237 9.65299 .9843%05
51,000 50,59% 7.8003 7.69829 9.61k0~} 7-84809 9.65117 .98h1Ls52
51,412 51,000 7.4269 7.32973 9.1537 T.47235 9.64992 ,9840185
52,000 51,578 6.9256 6.83507 8.5%60 6.96807 . .9838381
52,429 52,000 6.5813 6.49524 8.1116 6.62162 . .9837064
53,000 52,562 6.1493 6.06886 7.5791 6.18694 9.54515 .9835311
53,446 53,000 5.8320  5.75576  7.1881  5.86775  9.64380 .98339kk
5,000 53,545 5.4588  5.38738  6.7790  5.55383  9.64214 .9832243
sh,b63% 54,000 5.1637 5 09615 6.453 5.26800 9.6L07h  .933082%
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METRIC TABLE II CONTINUED

ACCELERATICH
ALTITUDE " PRESSURE DENSITY OF GRAVITY

Z,m H,m* " P,mb P/P, prkg/md P/P, g,m/sec2| g/go

55,000 54,528 4.8388-1 L.77557-% 6.0924"* L.97335-* 9.63913 .9829176
52,48u 55,000 L4.5641 L 50445 5.7850  4.722l1 9.63769 .8823705
56,000 55,511 4.2822 L.e262h  5.4674  L.L6310  9.63612 .9826111
26,&98 26,000 L.0270 5.91438  5.1777 L, 22666 9.63465 .9824586
27,000 Jé,h93 3.7835  3.7338%  L4.8991  3.95926  9.63312 .5823047
57,516 57,000 3.5467 3.5C0%  4.6268 3.77692  9.63157 .9821467
sg,ooo ST,476 3.3367  3.29%06  L.3832  3.57809  9.63012 .9819985
58,534 58,090 3.1179 3.07713  4.127 3.36945 9.62851 .g9818350
59,000 58,457 2.9375 2.89912 3.915k 3.19620 9.62711 .981692k4
59,553 59,000 2.7356 2.69987 3.6761 3.00083 9.62545 .g815232

60,000 59,439 2,5814-1 2.5&761‘“ 3.!;918'h 2.85042‘l+ 6211 13864
60,572 60,000 2.2955 2.36417  3.2681  2.66784 g.éaeho .3212§$6
61,000 60,420 2.2641 2.23453  3.1089  2.537183  9.62111 .9810806
61,591 61,000 2.093k 2.06598 2.9002 2.36750 9.61934 .9808999
62,000 61,401 1.9820 1.95606  2.7631 2.25558  9.618i2 .9807749
62,611 62,060 1.8255 1.80159 2.5689 2.09705 9.61629 .0B805884
63,000 62,382 1.7315 1.70885  2.451h 2,00114 §.61512 .980k69k
63,631 63,000 1.588L 1.5676%  2.2711 1.85%64%  9.61323 .9802768
6y,ooo 63,362 1.5096 1.48982 2.1709 1.77218 9.61213 .9801640
64,651 6,000 1.3790 1.36099  2.0038  1.63573  9.61018 .9799653

65,000 6,342 1.3132-1 1.29606~% 1.9189°% 1.566407% 9.60913 9708588
65,672 65,000 1.1945 1.17885  1.7643  1.hho26 3.60$12 .3?35359
66,000 65,322 1.1399 1.12503 1.6928 1.3818s5 9.6061k .9795537
66,692 66,000 1.0322 1.01866 1.5502 1.26546 9.60407 .9793425
67,000 66,301 9.8726"2 9.7h34g"5 1.h903  1.21658  5.60%15 .979248B
67,714 67,000 8.8969 8.78052  1.3591 1.10944 9.60102 .9790312
68,000 67,280 8.53%01 8.41856 1.3093 1.06883 9.60016 .9789439
68,735 68,000 7.6491 T7.54912 1.1888 9.70447-5 9.59796 .9787199
69,000 68,259 7.3523  7.25615 1.3479  9.37010  9.59717 .9786395
69,757 69,000 6.5590 6.47323  1.037h  B.4687h  9.59491 .978L0BT

70,000 69,278 6.3212-2 6.23854~5 1.0040~% 8.16618"5 9.59419 .978

70,779 70,000 5.6088 5.53547  9.031372 7.3724k 9.59182 -g;ngﬁg
71,000 70,216 5.k206  5.3hg7h  B.762h  7.15289 9.59120 .978030k4
71,802 71,000 L4.7825 4.72010 7.8424 6.40188 9.58881 .977786k4
72,000 71,194 L4.6357 k.57513 7.6286 6.22739 9.58822 .9777261
72,825 72,000 L4.0662 4 .01299 6.7922 5.54461 9.58576 .9774753
73,000 72,171 3.9535 3.90181 6.6252 5.4083c 9.58524 .977h220
73,848 73,000 3.Lh6k  3.ho132  5.8666  Lh.78903  9.58271 9771642
7§,ooo 73,148 3.3619 3.31794 5.7391 4 .68489 $.58225 ,9771181
74,872 Th,000 2.9118  2.87373  5.0529  k.12479 9.57966 .9768532

1

pewne

———— = o

80
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METRIC TABLE II CONTINUED

ACCELERATION
ALTITUDE PRESSURE DENSITY OF GRAVITY

z,m | H,m' £,mb P/Po | pka/m’ | PIP, g,m/sec? | g/go

75,000 74,125 2.8503"2 2.8120975 4.958277 L.OkTHT"2 9.57928 .9768142
15,895 75,000 2.k52° 2,b200 h.339  3.5423  9.57661 .9765423
76,000 75,102 2.409 2.3775 %.263  3.4801 9.57630 .9765106
76,920 176,000 2.061 2.0344 3,648 2.9780  9.57356 .976231k4
77,000 176,078 2.03h  2.0069  3.599  2.931T  9.57332 .9762070
77,94% 77,000 1.733 1.7103 3.067 2.5035 9.57051 .9759206
78,000 T77,C.5 1.717 1l.6942  3.038  2.4799  9.57035 .9759036
78,969 78,000 1.457 1.4378 2.578 2.1046 9.56746 .

79,000 78,030 1.hhk9  1.k303 2.565  2.0236  9.56737

79,99% 79,000 1.225 1.2087 2.167 1.7695  9.56Lk2

80,000 79,006 1.224°2 1,2075°5 2:1657° 1.7676™° 9.56440 .9752973
81,000 79,981 1.033 1,015 1.828  1.hg92k  9.56143 .9TL99L3
81,020 80,000 1.G30 1.0062 . 1.822  1.487k  9.56137 .97h9883
82,000 80,956 8.723"3 8.60856 1.5kl 1.2601  9.55846 .97h6915
82,045 81,c00 8.656 8.5425 1.532 1.2504 9.55832 .97L6TTT
83,000 81,930 7.365 7.2690 1.303 1.06%0 9.55549 .97k3888
83,072 82,000 7.277 7.1815 1.288  1.0512 9.55528 .97L36T1L
84,000 82,904 6.220 6.1383 1.101 8.9851'5 9.55252 .97h0B62
84,098 83,000 6.117 6.0373 1.08%5  8.8373 9.55223 .9740566

85,000 83,878 5.25273 5.18%7°6 9.295'6 7.5878-6 9.54956 .9737838
85,125 84,000 5.143 5.0754 9.101 7.4293 9.54919 .9737461
86,000 84,852 L4.436 4.3778 7.85¢  6.4081 9.54659 .9734816
86,152 85,000 4.323 4 .2668 7.651 6.2456 9.5461% .9734356
87,000 85,825 3,748 3.697h4 6.63%0 5.4121 9.54363 .9T731795
87,179 86,000 3.635 3.5870 6.432 5.2506 9.54310 .9(31253
88,000 86,798 3.164 3.1229  5.600 L4.5712  9.54067 .972877h
88,207 87,000 3.055 3.0155 5.407 . hko 9.54006 .9728149
89,000 87,771 2.673 2.6378 4,730 3.8611 9.53771 .9725756
89,235 88,000 2.569 2.5351 4.546 3.7108 9.53701 .9725046

.258-3 2,228276 3.995-6 3.2615-6 9.53475 .9722739
159 2.1312 3.822 3.1196 9.53397 .972194k
-907 1.8823 3.375 2.7552 9.53179 .971972k
815 1.7916 3.213% 2.6225 9.53%093 .97188k2
612 1.5913 2.819 2.3012  9.52884 .9716709
528  1.5085 2.658  2.1695 9.52789 .9715740
.367 . 3490 2.350 1.9181 9.52588 .9713697
93,351 92,000 1.291 .2739 2,206 1.8006 9.52485 .97126%9
94,000 92,630 .1468 1.965 1.6C357 9.52293% ,9710685
9,381 93,000 1.093 .0789 1.837 1.4992 9.52180 .9709539

D R WL &5\

90,000 88, 7hk4
90,26k 89,000
91,000 89,716
91,295 90,000
92,000 90,688
92,322 91,000
93,000 91,659

PR MR DD
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Xy

METRIC TABLE 1I CCNTINUED

ACCELERATION
PRESSURE DENSITY OF GRAVITY

2
P,mb /P || Pske/m| PIP, gm/sec?| wleo

-k T 1.647°6 1.249°6 9.51998 .9707675
.90 775971 1.647
Sim o S gie v 13R SR IR
96)000 8.466 8.3552 1’28 1.011-88 9:5]_5'(3 .9703339
g6, 4k1 7.905  7.8021 1. 65 -5392"T 9.51408 .9701659
97,000 b2 7.25h 71590 199 B 2e  oisis69 9700240
97,472 6.749 6.6612 1.079.7 8.9 1115 969865k
. 6.1hg2 9.882 3.0671 9.5
et S S ogwge A0 9.50963 -g6oTLNe
39’300 8o 5.%65  5.2ohk  8.379  6.8399  9.50818 "593&2
§9’53¥ h.957 1.8920  7.680 6.2691  9.5066L .969
2

- - - 9692646

6294 4.5689-T 7.123~T 5.81k27T 9.5052k .9

1381222 t.agg h.EOT% 2.52h i.ggg; g.ggggg .gggggkﬁ

101,000 L.00k 3.9516 .922 u'567u 9:50055 :96878h9

101,598 3.675 3.,6268 5.5 . 20052 - Ceseia

Rivil 4253 5.184 h.2321 9.hg

e e I NB Le m s o

103,000 3.015 2.9753 . 623 e
2. 74 2.7129 4.009 3.272 9.49 ‘ o:

igg’ggg 2.223 2.5896 3.809 3.1092 9.kg347 .9283622

10&’696 2.385 2.3538 3.428 2.7986 9.491k35 96785

>

- - - .9677652
0.088-% 2.0585-T 3.276™T 2.673%°7 9.k9053 .9
igg’ggg 2.073 2.0463 2.93%8 2.32984 9.32822 .ggyzg??
1062000 2.002 1.9352 g.ggg g.gggg g'hagaé :3242372
Freag o Yl 'h58 1'9901 9:h8u66 .967166k
bpdide: 1% e 2'1 2 1'7751 9.48232 9669278
107,798 1.576 1.5559 T2 173 Moos -oeeheT
1. 1.5153 2.110 1.7222 9.
igg’ggg 1.%?3 1.3605 1.873 1.5292 9.4.7929 .9226222 '
10 500 1.349 1.331% 1.829 1.493%2 9.h7882 .9665 2
103’867 1.208 1.1918 1.619 1.3216 9.47626 .966309
J

o et e g

eem e m———— b ————— 040 & s
- —~ye . e .

-4 5 .9718-T 1.589~T 1.2972°7 9.47586 .9662692
.égg 1.0159 .5 2 1.1khh 9.47322 .9659999
'ohT 1.0331 . 1.1289 a 9.47293 .9§>9702
51675 g9.a9n8 1. 9.9280~% 9.47019 .9056908
Lol 9.1229 . 9.8432 9.4700L 965671
112,973 .203 8.0961 . 8.6292 9.46716 .9§538;§
113fooo .176 8.0692 . 8.5975 9.46708 .9258750
th’ooo 7.243 7.1484 . 7.522L 9.46415 '965072h
11&’009 7.235 7.1408 . 7.5137 9.46413 .96507

2

110,000
110,902
111,000
111,937
112,000

O OOWWO + H

J—

& AT ST T T
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METRIC TABLE II CONTINUED

DENSITY OF GRAVITY

i ACCELERATION

P,mb P/Ps “p,kg/m3 PP g,m/sec?| &/go

64062 5.3-‘422'3-8.076'8 6.5928-8 9.u6123 9647768
6.392 6

9647633
. 8.029  6.5540  9.h6110 g6hT
R B e
5.5815  7.015 . . AN
6.2 5.0887  9.45538 .9 7
i:gtl;g 6.1!?2 5,0120  9.45503 .9641L5N
L 1684 5.400  h.hB12 9.45246 .9638829
4,283  5.383  h.3938  9.h520L .9658865
3.9873  Lh.842 3.9524 9.hligsh .9635 52
3.5008 4.726 3,8579 9.44898 .963527

- -8 -8 9.44663 .9632877
.5626-8 L.277°% 3.40117° 9.

3.2716 §.156  3.3927  9.%4595 .963&18)?
3.1876 3,783  3.0881  9.M371 .962990
3.0939 3,660 2.9881 . 95296;02
2.8557  3.351  2.7355 . 9 '962505
2,7610 3,229  2.6357 .96 68
2.5615 2.973  2.4265 .96239
2.4671 2,3282 . .
2.3%005 2.155k4

2,207k 2.0595

-8
2,0685-8 1.9171
1.97715 1.8243
1.8622 2. 1.7073
. 1.6181
1.5225
1.h372
1.3593
1.2781
1.2049

1.1170 -

1.0604-8
9.8014~9
9.3657
8.6327
\QJ’ 3(-;07
7.6303
5.80886
L, 3146
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METRIC TABLE II CONTINUED

ACCELERATION
ALTTAUDE PRESSURE DENSITY OF GRAVITY

Z,m H,m? P,mb p/p, P ,kg/m? PP, g,m/sec®| g/go

140,000 135,983 5.336°0 5.2662°9 k.29670 3.501179 9.38855 .9573660 |
143,153 140,000 4.238  %.1831  3.190  2.60k2  9.37945 .9564375 -
145,000 141,766 3.729 3.6807 2.704 2.2072 9.37412 .9558941
148,385 1L45,000 2.985 2.946Lk  2.028  1.6555  9.36437 .9548996
150,000 146,542 2.698 2.6628 1.779 1.k525 9.35972 .G54h256 -
153,625 150,000 2.173  2.14k2  1.345  1.0977 9.34930 .95336%0/
155,000 151,311 2.008  1.9820  1.215 __ 9.9162710 a.34535 .9520405
158,874 155,000 1.624  1.6032  9.234710 7.5380  9.33hek .9518276

160,000 156,072 1.531"0 1.5110"9 8.554710 6.9824710 g.33100 .9514987
164,131 160,000 1.243 1.226h 6.531 5.3312 9.31920 .9502955
165,000 169,826 1. 1.1756 6.183  5.0476 9.31671 .9500L03
169,397 163,000 9. 9.5657-10 4,737  3.8668  9.304i6 .94B7606
170,000 165,572 9. 9.2080  L4.573  3.7326  9.3024k .9u85852
17h,671 170,000 T. 7.5881 3.511  2.8663  9.2801k .9L72289
175,000 170,311 T. 7.4832 3.9 2.8152  9.285621 .9471335
179,554 175,000 6.1085  2.653  2.1655  9.27413 .9456985

180,000 175,043 6. . 2.647710 2,1609710 g.27400 .9456852
185,000 179,768 5. . 2.107 1.7196 9.25983 .9lh2401
185,245 180,000 5. . 2.083 1.7008 9.25913 .9kL41693
190,000 184,486 L. . 1.689 1.3750 0.24569 .gh27984
190,545 185,000 1.650 1.3469  9.24415 .9h26k13
195,000 189,196 1.364 1.1138 9.23159 .9L13599
195,854 190,000 1.316 1.0747 9.22918 .9411146

enep

1.110710 g.0572711 9.21751 .9369247
1.058  8.6369  9.21422 .9395891
9.079711 7.5117  9.20347 .9384929
8.560 6.988C 9.19927 .9380648
T.47h4 6.101k4 9.18946 .93706L43
6.970 5.6899 9.18433 .9365418
6.188 5.0511 9.17548 .9356389
5.709 4.,6605 9.160%1 .93502C0

200,000 193,899
201,171 195,000
205,000 198,595
206,497 200,000
210,000 203,284
211,831 205,000
215,00C 207,966
217,175 210,000

l
|
5
-
‘x
]
|
\ -
f :
!
1
)
L

HHEFEFMNODMDMNDDD \.)J\N;F'

5.150-11 4.2039-11 9.16154 .9342163
4,703  2.8389  9.15450 .9334995
k.08 3.5164  0.14762 .9327979
3.804 3.1789  9.1%960 .9319802
230,000 221,969 3.620 2.955k4 9.1337h .9313823
233,256 225,000 3.241 2.6457  9.12k72 .9304621
235,000 226,622 . 3.057 2.4953 9.11980 .9259699
238,634 R . 2.710  2.212h  0.1008%F ,928G453

220,000 212,6k1
222,526 215,000
225,000 217,308
227,887 220,000

e T

i e n Atare . WAL
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METRIC TABLE II CONTINUED

ACCELERATION
ALTITUDE DENSITY OF GRAVITY

p/p, | pxe/m| PrP, g,m/sec? | &/go

" Z,m H,m*

d
B
o

X

-8 8.z646"11 2.592°1% 2,1158711 9.10607 .9285607
7.4869 2.2717 1.8535 9.09498 .9274297
7.2900 .207 . 9.09228 .G271547
6.h7hl .921 . 9.08013 .925915k
6.3746 .886 .530 9.07852 .9257519
5.6179 627 . ©.06529 .9244022
5.5920 .618 . 9.06480 .9243522

240,000 231,268
244,021 235,000
2L5,C00 235,908
2ho, k17 240,000
250,000 2Lo,5k0
254,821 245,000
255,000 2h45,165

260,000 249,7
260,235 250,6’%
265,000 25k, %95
265,657 255,000
270,000 258,999
271,088 260,000
275,000 263,597
276,528 265700

I\ N v~ 0o
0\0\-{'—"\"&\!\ +
ON\D \n g\ 00~

-3 O\\n

4=

\O \D
NG O\O\D

\n 0

-8 1.9204711 1.393 11 1.137471 9.05110 .9229558
h.gng . 384 . 9.05046 .922890k
L3421 .20k .826 9.037hlk .9215625
4, 2722 .181 . 9.03565 .9213797
3.8L23 .043 . 9.02381 .9201724
3, 7128 .012 . 9.02085 .9198703
3.4092 .om-12 7. 9.01021 .918785k4
3.2886 .697 . 9.00606 .9183%622

280,000 3,0327" 1 12 g.1s 8.99664 .9174015
281;977 2. : 2.8975 - . 8.99128 .9168552
285,000 =7>.° e . . 8.98209 .91@0207
287,435 273.0 2.59% 2. R . 8.97651 .9153496
290,000 277, 3k . . . 8.96958 .91k6h3L
292,902 C . . . . 8.96176 .9138451
295’000 N . .33 .35k 8.95611 .9132686
298:37? . . . . 8.94702 .9123k19

88

-y
JH
N W

DY s E

0 286,480 1. . . . 8.94256 .9118972
;gg:gga ego:oco . . : . 8.93229 .910@;99
305,000 291,05 1. . . -39 8.9292h .9105288
309,356 295,000 1. . . .05 8.91757 -9093291
310,000 295,585 1. . . .00k 8.91585 .9093 52
314,859 300,000 1. . . . 8 90287 .907839

. 422
320,000 04,663 1. . . . 8.88916 .g9064
325,893 310,000 1. . . . 8~873§9 .9oL8LLL
330,000 513,71k 1. . 3 . . 8.86259 .903&523
336,963 320,000 9. . . . 8.84417 .90185
340,000 322,738 8. 797 . . 8.83615 .9010232
348,069 330,000 T. . . . 8.81489 .8988
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METRIC TABLE IT CONTINUED

ACCELERA’I‘IQN
PRESSURE DENSITY OF GRAVITI

2
H,m' | P,md | P/P, P,k{;/m5 prp, | eomfsec® | afeo
? i

.gﬁg:ggg 2232% 221333 i ggg-ls ; §'13 g:;iEi% .ggggigi
228’565 2:§2$ g:iggé g ggé 6.7225 2272153 :2235322
0,000 hosse M2 380 e:$o§22 8877305
;?giggg ?Igﬁg g:gggﬁ 6. 5é6 . 8.69827 .8869765

- - 48
: 26079 3.2190-12 5.737713 4.68%6713 8 67991 .88510
2%8’833 2.022 ; Choo  5.329  h.3501 66923 .gg;gégg
385,158 2.806 2.7601 4,811 3.9273 8. 65h2r .8810302
390’ 2,586 5 4.373 5.5696 8.6&023 oo
,93'970 2.2k . .05k 3.3096 8.6287 8731 2
hoo’ooo 2.197 . 5.315 2.9322 g’gé;g; a$7~331

. 7,132 2.7 .60

tgg T ?'é?ﬁ . ;.ooo 2..4495 8.502hk2 .8751636
h11’516 1'850 . 2.918 2.3824 8.57805 87h7l7g
hao: 1:605 . 2.503 2.0434 8.55358 .872222

4o2-13 2,0343713 8.55286 .8721492
-;§6 -7EL0 8.52779 -8695923
L0958 .7126 8.52479 .8692869
.839 .5008 8.50282 .8670U56
.766 Rt i 8.149605 .8§63559
.,88 .2963 &.47797 .8645120

.2187 E.46735 .8§3h299
123k 8.45322 .8619885
.ozkh 8.43871 .8605088

420,250
428,959
14 50,000
437,642
440,000
LLE, 200
450,000
L5k,932
460,000

N
Y e = A A
T o ol el

- vr

.7692-14 8.42858 8594761
L8124 8.41011 .8575927
5219 8.40405 .8569746
.53%53 8.38156 .85L6816
4567 8.37963 .8544840
5435 8.35531 .85200h43
4658 8.35306 .8517T5k
.7583 8.3%110 .849535k
.5666 8.232461 .8h4B8B7LL

463,540
170,000
L72,122
480,000
480,679
489,212
490,000
k97,719
500,000

e b o Sp—— et T T 7
Cer e

T AT e e e

VT N OV =3 D0 O0NO

1

AT T Y
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METRIC TABLE IIT

Velgeity of Sound, Particle Speed, Molecular-Scele 'l‘mq)erg’cura Gradient,
ané Scale Heighu as lunctions of Gecmetric and Geopotential Altitudz

HOL-635 IE SOUND
mmrmne  fPSEIIE | gayp pmrem H PARTIOLE . BATT O gppen)

V/Vo

Hmt [ 1,°0/m’ iHB, m HE/HBOJ V,m/eec| Cg/Cao |Casm/ozc

TEMP s GRAD A SPEED

-5,003, 3717 1.11112 484,15  1.05493  358.98
2005 9. 5i00 .0k M1 1.03489  338.07
-ﬁ,ooa.s 9,843 1,08891 479.21 1.04AT  355.32
-,000 1.08886 479.20 1,044k
-3,001.% 8,9969 1,06670 M47h.22 1.,03330
-3,00C 1.06666 L474.e2  1.03328
-2,000,6 1.04447 h69.19 1.022%2
1,046 469.18 1.02231
1,02224 464,65 1,01122
1,022z 464,09 1.01122

1,00000 Ls8.94%  1.00000
OTTT5%  U53.7h 988659
977751 453.7h4 .988657
955501  Lh8.L47 977190
955487 Mu8.k7 .977183
933241 hA43,15 965569
+933210 U4h3,11 965572
1910975 437.76 +953850
2910918 L437.75 .953820

888700 43C.31 941968
L888613 432,29 941921
866419 k46,79 .9299%9
866293 426,76 .926870
L84h131  L421.20 2917756
843959 L21,15 .917661
821836 415,53 905412
.821611 h15.h7 «905287
«79953% 409.79  .8929G2
«799249 L09.72 .892742

777225 1403.97 .880219
776873 403.88 .880018
.754908 398.07 851554
W 754483 397.95 867107
JTSH7L5  397.95 867107
754720 7495 867107
#754952  397.95 867107
+754959  %97.95 867107
«755189  397.95 867107
« 755197 397-95 867107
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METRIC TABLE III CONTINUED

MOL-SCALE PARTICLE SCQUND
SCALE HEIGHT SPEED —5RATIO0 €—5pEED

Y/,

Lyy, °C/m’ Hg/Hgo || Vim/sec | Cg/Cgp | CopniBec

TEMP .GRAD.

755426 397.95 .867107  295.07
<155435  397.95  .867107  295.07
«755664  397.95 .E67107  295.07
755673 397-95 867107  295.07
755901 .867107  295.07
« 755915 . 867107 295.07
756140 . 867107 295.07
756152 . 867107 255.07
756377 867107  295.07
. 756389 . 867107 295.07

.T56615 867107 295.07
- 756626 867107 295.07
756852 : 867107 -295.07
. 75686k 867107 295.07
757089 867107 295.07
. 757101 867107 295.07
757326 867107  295.07
-157350 867107  295.07
-157563 867107  295.07
< 157587 . .867107  295.07

. 757800 . .867107 295.07
. 757824 867107 295.07
.T67427 . 87258  296.89
. 768554 8772089 297.11
. T7807k 878355 298.90
179307 879031 299.13
. 788733 .884206  300.89
. T900k9 .884k933  301.14
+ 799392 .890026  302.87
.800803 408,82 .890796 303.13

610050 lh11.12  .895802  304.83
811568 411.50 .896621  %05,11
820721 M13.75  .901539  306.79°
822345 k.15 .902407 307,08
851392  116.37 .907238  308.13
833123 116,79 .908158  309.04
842062  418.97 .912000 310,65
843000  h19.h1  .913871  310.98
852733 k21,55 ,018525 312,57
854680 422,02 .916550 312.92
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METRTC TABIE IIT COITINUED

CL SOSUD
""’Lml SCALS HEIGAT |P‘§1§§m° RATIO €y

t 1 WV,
14, *C/m 'JI Hg’ Eg/ Hpo V,n/asc cu/ Cuo

7.282% .863415 ekl .gehllk
7.22950 .BS5WG0  Lkeh.6lL 925193
1.3725 .87h098 426,66  .929668
7.3010 876291 L427.18  .930803
1 884792 429.20 935187
.887104  k23.7h  .936378

Bosh7h b3L.7L (90672

97017 4E2.29  .9WI9EL

906169 U3h.2  Jgh612h
5087 43k.82  JOMTh3D

016863 436,70 951543
.919578 437.33 952910
927569  430.17 956929

. .93041k  429.83 956257
.938275 Lh1.63  .9€2283
ohiosl  Wke.z2 .963773
.Oi8369 u4h,08  .967606
.952111 k.79 959159
959676 L46.50  .972639
.952060  447.25  .9TW516

L4802 .978161
W96 979843
251.32 .9251 3
52,12 g
453,71 .988596
ksh.sh .9901;11
4sh.sh  .G90411
Lsh.54%  .950h1L
454,54 ,cgokll
Lsk.5%  .oo0411 337.03

h5h.5h  .GGO41L  337.03
hsk.5h ookl <7.03
Lsh.5h  Lg90k11  337.03
4sk.5h  .goobll  337.03
Y5hoshk 930411 337.03
ksl .54 99"&11 337.03
hsh,6h  .9eOW1l  337.03
ksh.54% s’aolsn 337.03
550146  452.83  .986679  335.76
985026 L51.79  .983554 33470
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METRIC TABLE ITI CCNTINUED

SOUND
MOL-SCALE _ PARTICLE _ pimvoq S
mmip.orapd]  SCALE EEIGET W sprpp &—gpyED

L 7

V.a/ / sz2c
%,m H,m' LM,°C/m‘ H,, km HS/ZISO' V.m'sec | Cg/Ceo| Corn/

o 8.2%97 .9'(6918 Lh9.72  .979913 §33-1+§

?2’3&3 ?;’303 8.1522 970567 LiB.e3 .97§650 gy.ai

56:600 55:511 8.128} 9656(8)3 ’fi‘;% gg;égg %’%';8

56,498 56,000 £.0726 9571 5.03 e 308.81

0G0 493 8.0165 .950451 LhZ.45 .9

27516 f?iogo T.95% .okt Wa.E2 .9Geeee 3. 60

;000 57,476 7.0M8 93721l M0.28 9593k 2045
58’000 7.8452 .9301%9 423,58 .952637 —ﬁ

58,457 707951 93067 M37.09 .952393 32109
59,553 59,000 7.751k .016645 UW35.32  .94B530  3T2.7

: .681% .910719  433.83 945393 Z::a
23’233 23’189 ;.6175 43 Lx0.0%5 .041368 320.3Y
61,000 7.5696 k0,65 938343 319.31
61,592 7303 .Geze b2 .9s2 AT
62: oo 7.4578 lltg's(gg gglsglég gisli”i
2Q’ oo %ﬁ?é Lok.10  .92u088  31h.U6
65’ 631 7.2754 . heo.02  .019550  312.92
52’000 7.2341 . b20.80 .016881 312.01
7.1612 418.65 .912161  310.k0

el . B7.46  .909620  Z09.5k
$-01+70 ns.21  .9ok2  307.87
7.0102 Lik i0  .9Q2302  307.05
6.9327 . 111.76 807001 305.31
6.8982 410.72 9(:6 304 .54
6.8185 408.29 889627 302.73
6.7862 & LOT7.3L .687h02 202.01
6.7108 > kok.78  .88i9ST
6.67h1 103,87 879997
6.5695 .781235 Lol.2k 874281

6.5620 778007 L00.4O 8721k
6.371;6 767646 7.68 866506
6.1hg9 .TOLTL3  396.90 .864820
6.3600 .T754049 %04.08  .858651
6.5377 751415 393.37 85713k
6.2452 .ThOll3 390.Lh Bsozuu
6.0055 .738113  389.82 81+9381
6.1304 .726828 386.77 .8i2752
6.1133 .724806 386.23 8&1559
6.0155 .713205 383.07 .834633

%
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T ) g ~ = Lt

METRIC T'ABIE III CONIINUED

1OL-SCALE ) SOUND
ALTITUDE MOL-SCALE || goryy mygpe || PARTICIE ,parro S

v/,
Z,m Hym' Hp, ,°C/m' !Hs, kn | Hy/itgolt Vom/oee | Cg/€go| Cgym/see

1T1EMP .GRAD., SPELED

.T1150 382.60 .8%%€66 283%.69
.69957 379.3 .82654 281.26
69960 379.5 .82654 281.26
.65980 379.3 .82654 281.26
.69981 379.3 .8265k 281.26
. 70002 379.3 . 82654 281.26
.'70003 379.3 .82654 281.26
. 70024 379.3 . 82654 281.26
.70025 379.3 .82654 281.26
. 70046 379.% .82654 281.26

. 70047 379.3 .82654 281.26
81,000 79,981 . 70068 379.3 .82654 £81.26
80,000 . 70069 379.3 .82654 281.26
80,956 . 70090 579.3 82654 281.26
81,000 . 70091 379.3 .8z654 281.26
81,930 . . 70112 379.3 .82654 281.26
.70113 379.3 .82654 281.26
< TOL34 379.3 .82654 281.26
.T0136 379.3 .82654 281.26

a

88
88
o

75,000 7h,125 -0.0039
75,695 75,000
76,000 75,102
76,920 76,000
77,000 76,078
77,944 77,000
78,000 77,055
78,969 78,000
79,000 .78,030
79,994 79,000

80,000 79,006

*

8888

8 888RYY!

(04

OOAF FWIND -

AAYIERVAGAVAV V.V, AV, AV RV )|

v
BE
(ol e

. 70155 379.3 .8e6sh 281.26
.70158 379.3 .B2654 281.26
.TOLTT 379.3 .82654 281.26
. 70181 379.3 .82654 281.26
.70199 379.3 .82654 £81.26
.70203 379.3 82654 281.26
. 70221 379.3 .82654 281.26
. 70225 379.3 .8265h 281.26
70243 379. .82654 281.26
. 70248 .8265L 281.26

. 70264 . .82654 281.26
. 70270 . 82654 281.26
. 70286 ¢35 8265k 281.26
.70293 370, .82654 281.26
. 70944 . .83157
71565 .83385
. 72h0L 384, .83863,
. 72829 841100
<7641 . 84564
74113 . .84829
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-

METRIC TABLE III CONLIINUED

It MoL-5cALE
FTGHT PARTICLE SPEED
FI TEMP,GRAD SCALE

Ly "C/m' Hylon | HyfHg || Vom/eee | /¥,

. T4879 391.3 85259
75388 292.6  .B55h2
L6117 - 3oh.h L859h7
. 766604 395.8 ,862L49
77355 297.6 86630
7940 399.1  .86950
.7859%  L400.7 L7707
79218  hoz.2 87646
79833  1403.8  .87979
.80kg6  ho5.4  .08336

.81073 406.8 .88646
81775 4i08.6 .39021
.22313 11:09.9 %ggz
.83055 11.7 .

83553 2.9 .8996h
B335 k.8 +90375
Bh7gh 15,9 .90615
.85617 $17.8 91045
.86075  %18.8 .91262
.86859 420.9 .91709

87276 421.8 .91904
88182 k23,9  .92369
.88518  L2k.7 .92541
Bo66  L426.9 .93024
89760  h27.6 «93LTh
90751 429.9 93675
.91003 %30.5 .93802
.92037 432.9 94321
92246 94426
.93323 94963

93489 . 95045
9610 .95600
94733 95660
.95898 . gggg’é&
95977 .

97187 44 .56862
97221 96879
.98k66 .97h82
9B4TT 97487

255%

...
e
W= E
PWIV =]

CERCEEI N R GH

-

&

88 &

EENNN NNNNNGNNNN NN NNNNN O

N
v

N~ PR
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METRIC TABLE III CQNTINUED

D SCAIE METCIT PARTICIE SFEZD

Z,m H,m* Ly °C/m! Hg,don | BHg/ligo|l V,m/nec

ALTITUDE

112,957 8.5o 99712 h50.1
113,000 8.415 .99768  1450.3
113,921 1..0096 Ls2.9
11%,000 1.0106 4y3.1
11k, 848y . 1.0220 455.6
115,000 . 1,025 4s55.9
115,850 ) 1.0%45 158.3
116,000 1.0364 458.7
116,813 . 1.0470 461.0
117,000 1.04gk L61.5

117,777 1.0594 %63.6
118,000 1.0623 heh.2
118, 7h0 1.0719 L66.3
119,000 1.0753 467.0
119,703 1.og!8u+ ll:gg
120,000 1,0882 .7
1201 665 1.0969 k1.5
121,000 1.1012 k2,4
121,627 1.1034 h7h.1
122,000 1.11k2 475.1

122,589
123,000
123,551

u(xm\mn::—‘b?g_\'o
BEI EED

n

=

O o
NP O

1.1218 YW76.7
1.1272 477.8
1.1343 479.3
124,000 1.1402 80,5
124,512 1.1468 gl.g
125,000 1.153%2 83,1
125,473 1.1593 L8y . 4
126,000 - . 1.1662 485.8
126,434 . 1.1820 489.0
127,000 . 1.2027 493.3

VWOV OWV\O \.O\D\O\D\O\D\O\DCD

127,295 1.2171 hg6.2
128,000 1.2392 500.6
128,355 1.2522 503.2
129,000 1.2758 507.9
129,315 1.2873 510.1
130,000 1.312h4 515.0
132,195 1.%926 530.3
135,000 1.4956 549.3
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METRIC TABLE III CQNTINUED

1"°L‘S°m HEIGHT || PARTICLE SPEED
ALTITUDE “ P “ SCALE

‘i,m‘ “ I_F"C/m' “ Hg,¥m Hg/Hgo V,m/sec VA,

i
13.2 1.5684 562.4 1.225

113; 12 1.6794 581. 7 1.267h
1471 L.7HES 592.6 1.29%2
15.72 1.8638  €08.8 1.3gl*0
16.20 1.9208 621k 1.35 2
17.28 2. o488 6hl.4 1.%97

17.69 2.097h 648.8 1.4138
18.85 2.23&1; 669.3  1.h584

. 2.274% ° 675.1 1.b711
123’83% ég.tg 2018 Goba 1.5121
160,826 20.68 2. jzoag xé i’??.ee

’ . L]

000 21.99 .
133’3’53 1231 572 22,17 7%; 1 2’;9{1
171+ 671 170,000 23.57 71;8 1 16
175,000 170,311 23,67 2. 783 16304

179,954 175,000 ' £5.16 17

10,000 Tt 22%2 : -9 1%
lgs g?acs) f&rag’goo 26.10 . 7816;,.1+ iz{cgg
100 181+’l+86 26.94 . 19 -g 1'7581+
igg’ 545 185’ 000 27.0% .2060 égg . L . ot
195’ 189,196 27.83 811.8 1:7671
12265k 150,000 21.99 3. -

200,000 193,899 28.73 . g:ié i:{(g’gﬁ
201’171 195,000 28.2& . 855°1 1D
205,000 19022 285 3 827 . 1.80%
o oo 30251 . 845.0 1.81%2
alo,goo 30,84 . 849.3 1.856
o000 3141 3. 856.7 1.86 'é
%113’?.(7)2 31.80 L7705 861.7 1.877
2

32.31 868.2 1.8017
A o006 26 32.76 873.9 1.9015'»:+
Se1500 33.21 2 8.5 L9l

’ .

2 O 96 ?ﬁﬁ . 1.9407
3h.69 Te 1.9563
35,01 . 1.9647
35.66 . 1.9819

s

¥
.

A
——— —— .

PP TR
[TYANT FOEH wid o
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METRIC TABLE ILI CONTINUED

ALTITUDE

MOL-SCALE
TEMP.GRAD.

‘ SCALE HEIGHT

PARTICLE SPEED

Z,n

H,m'

Ly t/n' || Helm

Hg/Hgo

V,m/sec |

/v

240,000
2kl 021
2145,000
249,417
250,000
254,821
255,000

260,000
260,235
265,000
265,657
270,000
271,088
275,000
276,528

280,000
281,977
285,000
287,435

295,000
268,377

300,000
203,862
305,000
209, 356
310,000
311,859

320,000
325,893
330,000
336,993

310,000
348,069

231,268
235,000
235,908
210,000
240,540
245,000
245,165

olg, T8k
250,000
254,395
255,000
250 999
260,000
263,597
265,000

268,187
270,000
272,71
275,000
277, 47
280,000
281,917
285,000

286,480
260,000
291,0%
295,000

295,585
200,000

30ls,663
%10,000
%13, 71k
220,000
322,738
330,000

+0.0058

35.91
36.64
36.81
37.61

912.5
921.2
023.2
932.6
933.8
9h3.9
ghk.3

1.9883
2,007
2.0117
2.0;2)+0
2.0%47
2.0566
2.0575

2.0799
2.0810
2.102L
2.1050
2.1240
2.1288
2.1457
2.1523

2.16TL
2.1755
2.1883
2.1986
2.2093
2.2168
2.2300
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SINE(BY4T | PR

METRIC TABLE III CONTINUED

MOL-SCALE
TTITUD g
ALTITUDE TEMP. GRAD. SCALE HFIGHT PARTICLE SPEED

I = =
Z,m HEm' 1M,°C/m' ‘l Hg,km Hg/Hgo ‘V,m/sec V/\-’O

350,000 331,735 56.10 6.6517 1,122 2.1h4s
359,213 340,000 57.82  6.8557 1,131  2.478%
360,000  3k40,705 57.97 6.8731  1,1%. 2.k812
370,000 349,648 59.84  7.0952 1,155  2.5172
370,304% 350,000 59.92  7.1040 1,156 2.5186
780,000 358,565 €1.72  7.3179 1,17 2.5526
360,000 62.03  7.3538 1,17k 2.5582
367,456 63.61  7.5k2 1,187  2.587h4
370,000 64.15  7.6053 2.5973

376,320 65.49  7.7652 2.6118
330,000 66.28  7.8585 2.6357
335,158 67.39  7.9897 2,6553
390,000 68.43 . 2.6736
393,970 69.29 . 2.6885
400,000 70.59 . 2.7110
402, 756 7L.19 . 2.7212
410,000 . T72.77 . 2.7479
k11,516 73.10 . 2.7534
420,000 74.96 . 2.7843

420,250 75.02 . 2.7852
428,959 76.94 . 2.8165
77.17 kol L 2.8202
78.87 . 2.8473
79.39 . , 2.8556
€0.80 . 2.8812
81.63 . 2.8907
82.73 .80 2.9078
83.88 . 34 2.9253

8L.68 . 2.9357h
86.14 . 2.9595
86.62 . 2.9667
83.k2 . 2,993%
88.58 . 2.9956
90.53 388 3.02b41
90.-T1 . 3.0267
92.50 . 3.0523
93.02 . 3.0598

s i T T
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METRIC TABLE IV

VISCOSITY, KINEMATIC VISCOSITY, AND SPECII'IC WEIGHT
AS T UNCTI NS OF CEQETRIC AND GEUPOTERTIAL ALTITUDE

ALTITUDE

VISCOSITY KINEMATIC VISCOSITY SPECIFIC WEIGHT

H,n’

B> o sec

(2]
m” kg
Wiy § M 5as W, {33 wfwy,

-5,003.9
-5,000
-4,002.5
- ,000
-3,001.k
-3,000
-2,000.6
-2,ooo
-1,000.2
-1,000

1.94%23 >
1.9422
1.9123
1.9123
1.8621
1.8820
1.8515
1.8515
1.8206
1.8206

1.789472
1.7579
1.7579
1.7260
1.7260
1.69%8
1.6938
1.6612
1.6612

1.6285°°
1.6282
1.5950
1.5948
1.5613
1.5610
1.5272
1.5268
1.4927
1.hg22

1.457772
1.4572
1.k223
1.4x227
1.h217
1.4k217
1.h217
1.4217
1.hk217
1. 14217

i

.085k2  1.0058"° 6.88539 0 1.8968™ 1.57892
.0853%  1.0060 £,887L7 1.8961 1.578%9
.06863 .0805 439715 1.7378 1.u4654
.06864 .0808 7.3086L 1.7373  1.L44619
05177 .1625 7.95852 1.5891 1.3%2282
.05175 .1627 7.95935 1.5889  1.32265
.03469 .2526 8.57478 1.4505 1.20743
.03468 .2526 8.57517 1.450%  1.20735
Neakh 9.2527h 1.321%  1.,0999k
.01743 . 9.25289  1.3214h  1.09993

.00000 1. 1.00000*° 1.2012*1 1.00000 N
.982380 1. 1.08254  1.0898  9.07189”
.982377 1.58153 1.08255 1. 0808 9.07179
964571 1.7 17391 9.86i8'0  8.2115h4
964560 1. 17397 9.86k42 8.21105
LOhE56T 1. .27528 8.9083 T.41543
.ohbsh2 1. 27543  8.5071 7.41437
.02836L 2. .38801 8.02hk9 6.68006
.928318 2.0279 .3883%0 8.0228 6.678%0

.51366%0  7.20060 6.002167
.51418 7.2075 5.99961

1 e

.909955 2.211170 1
.909382 2.2118 1

.801335 2.h162 1

891229 2.4175 1.65496 6.4572 5.37503
872499 2.6461 1.81150 5.7734 4,80584
.872352 2.6480 1.81281 5.7683 4.80157
.853439 2.9045 1.53841 5.1432 L.28128
853246 2.9073 1.99031 5.1372 L.27625
.83k151 3.1958 2.18782 4.567% 3.8019%
.833903 3.1998 2.19053 k.5603 3.79608

814627 3.5252°5 2.4133210 L.oh2h0  3.3649u1
814317 3.5308 2.41711 0344 3.35831
. 794862  3.8990 2.66918 3.5651 2.96764
.T9kk82  3.9066 2.67440 3.556k 2.96042
.Tokk82 L.5576 3,12005 3.0475 2.53678
794482 L4.5739 3.13119 3.0366 2.5377&
ST9M482  5.3327 3.65070 2.6037 2,16737
.7oLLB2 5.3551 3.66601  2.5928  2.158%
794482 6.2%0%  h.2713%9 2.2247  1.85184
.T94482 6.2697 h.29217 2.2139 1.84286

97

65411 6.4613 5.37843
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METRIC ‘FABLE IV CONTINUED

ALTITUDE “ VISCOSITY KINEMATLC VLSCOSITY “ SPECIFIC WEIGHT

k
X m-_ Xz _
Z,m H,m' [19) m_géE U-/Uvo Tl/’]o m’mzsece w/mo

- - - A0 +0 r8232-1
14,965 1.421777 .79Lh€2 7.: 4.997370 1.9009"° 1.5
i?jggg -151803 1.&21; LTouk82 3406 5.02527 1.8903% 1.57352
16,000 15,960 1l.4217 Soh482 8. 5.8h§uh 1.6243 1.35203
16:oho 16,000 1.k217 94482 8. 5.88359 1.6140 1.3haa
17,000 16,955 1.h217 94482 9. 6.83946  1.3881 1.125 g
1710&6 17,000 1.k217 7okkB2 1. 6.88852 1.3781 1.§ 116’2
18,000 17,949 1.h4217 .Touk82 8.00069 1.1862 9.87h1
18,051 18,000 1.k217 794482 8.06509 1.1767 2.39517
19,000 18,943 1.4217 .79u82 9.35868  1.0138 8. 3869
19,057 19,000 1.k217 .TouL82 9. 44261 1.0047 . 35357

1.00466" 8.66u4"1 7.2123472
1.10554 8.5789 7.1819
1.28032 7.4%056 6.16454
1.29437  7.3251  6.09748
1.49743 6.3300 5.26912
1.51545 6.2545 5.20633
1.7512h 5.1108 k.50402
1.77429 5. 340k 4. 44540
2.04798 4 .6254 3,85021
2.07734 k.5599 3.79569

o

20,000 19,937 1.k217° .79hk82
20,053 20,000 1.hk217 .794482
21,000 20,931 1.hk217 .Tou482
21,070 21,000 1.k217 .To4482
22,000 21,924 1.k217 .oukL82
22,076 22,000 1.k217 794482
23,000 22,917 1.hk217 .T9Lu82
23,084 23,000 1.k217 .Touk82
24,000 23,910 1.k217 .Toul82
24,001 24,000 1.hk217 . T94k482

- - +1 b = 182

25.000 24,002 1.42177° .TouhB2 3. 2.50488%1 3.958171 3.201

22;099 251880 1.4217  .794482 3. 2.43215  3.8934  3.2h09k
26,000 25,804k 1.436h4 .802608 5 2.86191 3.3420 2.78196
26,107 26,000 1.4381 .803668 L. 2,9172  3.2825 2.732h
27,000 26,886 1.4526 .B11760 k4. 3.4190h 2.823& 2.35357
27,115 27,000 1.hk54% 812801 5. 3.49026  2.7739 2.30903
28,000 27,877 1.4687 ,820768 5. 4.07667 2.3975 1.99570
28,124 28,000 1.4707 .821880 6. L.16571 2.3493  1.95562
29,000 28,868 1.4847 .829720 7. 4.84801 2,0374 1.69596
29,133 29,000 1.4868 .830906 7. 4 .,96004 1.99h1 1.65995

5 -1 -2
J,000 8 1.5006"° .828619 8. 5.75171*1 1.7352 1.444326
;5i1u2 ?31033 1.5029 .839880 8. 5.8922l 1.6962 1.41198
31,000 30,850 1.5165 L8u7h6h  9.945 6.80848 1.4808 1.23267
31,152 31,000 1.5189 86803 1. 3 6.98383  1.hh59  1.20355
32,000 31,840 1.5322 .856257 1.17k 8.04162 1.2664 1.0541k
32,162 32,000 1.5347 857676 1. 8.25957 1.2349 1.02797_5
33,000 32,830 1.5479 864998 1.3 9.47770 1.0851 9.03?63
33.172 33,000 1.5505 866498  1.k23 9.7h750+2 1.0569_2 8.79738
34,000 33,819 1.5634 877688 1.626 1.11465 9.3163 7.75503
34,183 34,000 1.5662  .875271 1. 1.1479%  9.0621  7.54338- -~

WNONOONH -

K tibsadawtimto mkiibioe
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METRIC TARLE IV CONTINUED

ALI'NTUDE VISCOS1TY KINEMATIC VISCOSITY SPECIFIC WEIGHT

Hs o sec V> Sec

kg 2 , kg
Hym' u/uuI W oae | W, o/,

34,808 1.57897° .882327 1.911070 1.308242 g. 6.67071~3
35,000 1.5818 .883996 1.9708 1. £916 . 6.&%8;;
35,797 1.5942  .890017 2.2: 1.53239 .9060  5.81390
56,000 3.597h .8o2sT2 2. 1.58252 .6999 5.57711
36,786 1.6095 .8o9lk57 2, 1.79143 . L .9629k
37,000 1.6128 .901.300 2. 1.85263 . 4,80850
37,774 1.6247 .907948 3. 2.09034 . 4.29207
;8,900 1.6282 .909882  3.162 2.16477 . 4.15203
38,762 1.6398 916392 3.555R2 2.L43450 . 3.71842
32,000 1.643L 018417 3, 2.52483 . 3.59205

39,750 1.6548™° .9ok788 L4.13:3°3 2.83025*2 3. .2267770
ho,oc_>o .6586 .926907 L, 2.93946 . ; .1157g
ko, 757 1.6698 .933137 L, 797 3.28448 . 2.80L475
1;1,029 L6737 .935352 k. 3.41615 . 2.70282
ki, 72h 1. gklo s, 3.80500 5 2.44185
k2,000 1. 943751 5, 3.96342 .8 2.34979
k2,721 1. .alig6g8 6. k.koos1 2.12925
}»3, 000 1. .952107 6. k.59050 2.04611
43,608 1. .957910 7. 5.08083 . 1.85951
ki 000 1. 960k20 7. 5.%0816 . 1.78437

000 k4,684 1.7287°° .966078 8- .85692%2 1. -3
k5,000 1. .068689 8, 2.12821 . g?gfg
k5,670 1. 974202 9. 6.74082 . .hohsh
46,000 1. .976916 1.031872 7.06356 . . 36310
45,655 1. .982282 1. T7-74600 . .2kgs7
.985101 1. 8.12930 . .19%04
.985101 1. 8.78339 . .10480
.985101 1. 9. 17572 . 1.05767
.985101 1.hk 9.8038 . 9.805017%
.985101 1. 1. 03523 +3 1. 9. 36960

.985101 1. 1.11uetd g, 8.70218~%
.985101 1. 1.16824 . 5 8.3%0024
.985101 1. 1.25521 . T7.72366
.935101 1. 1.31833 . 7.35293
.985101 2. 1.537% . 6.85545
.985101 2. 1.48770 . 6.5137%
.985101 1.5922% . 6.08505
.985101 2. 1.6788L . 5.77031
.979%05 2. 1.76967 . 5.44100
97hlis2 2, 1.8L4976 . 5.17887
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e MR ATIC SPECIFI( WEICHT
ALTITUDE | V13COS1TY

. .
eI | ey ot

‘g} w u)/u)o
% m sec /g ]

-4
-2 2g8% 4.8883%0
565 .968799 2.8155 ’ Yool L.6B105

L.k .958227 3.1%62 . ' N 75252

1.7052  -952941 5.293h . 352819

1.6956 .ou7588 3,1611 . . 20010

1.6858  .ou2075 3.6435 . . 351568

1.6765  .936882 3.8248 . 22l

1.6662  -931135 4.0367 . ¢ 3 15769

1.6572 .926105 k.2325 . . 2o

1.,6465 ,020119  L.k790 . .

3 5 -4
P -2 2.79736
1.6578~> 015259 L4.690k7E 3. A
1.6266 009026 4.9772 . . k8o
1.6183 .o04341  5.2053 : 2. 50981
1.6066 89754 5.5397 . o 21202
1.5986 .893%351 5.7855 . 2. 0563h
1.5865 886603 6.1758 . . %006
1.5788 882287 6.1403 . . > Ba73T
1.5662 875271 6.896k . . 1703
1.5589 871148 7.1605 . -: 110
1.5458 863857 T.Tikh .

- -k
1.5388™°  .859933 8.019572 5.1 . :i:zmﬂagg
Lopse  .852558 B8.0uk8 . 1695 1.kioge
1.5186 .8486k0 8.9{;{)(;2 . . L e
840775 9.7052_, - :
:{33%3 .837'7255 1.0053 % 6.88216 . i'é%%?é
14356  .829105 1.0916  T.WT3LT . 1.08618
1'1:,777 825818 1.1286 7.72637 . 9.1;9796
1'1;626 B173h7  1.2305 8.42238 . '16995
P ' ‘oBoh  B.69026  1.1016 ) 9.
69,000 1.4571 .811;586 :1L }lel s . 2 heche
, 5 - £ ’. e -
69,751 1.441k .805499

-5

- - - . 86 5
000 1436370 802671 1.k305 .zgézhjg ) ?.2&09:({-
1 1.4200 .193560 1.5725 .07 gg . )
ZO’T'(? 1.5k 790972 1.61% .105 % . A
'ﬁ’(ége’ 1.3%985 .781528 1.;833 22%5 . ) 6.2
2 .3k .779188 1.827 . . e
BB R 08 e e LhR O30 TR
73,000 1013731 LTOTall EeTISY 1is8107 5 §.67967
5 .757180 2.309% ] N &9
73,848 1.3549 151 5 LR 1
; .3 L155358  2.555 2 . 2
%t’%(,’{g r‘;E(l)gg ié% .71»1);861 2.6378 1.80582 . 4.0293
I 2 B )

— - —— - memm———

Py AT AT Y nepre

_'ﬁ'?'i’\f"’l‘\"'f'""'?( T

100

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/20 : CIA-RDP1-01043R002600070006-6

fETRIC TABLE IV CORTINUED

VISCOSITY KINEMATIC V'ISCOSITY“ SFECIFIC WEIGHT

2
ll/llo s :—e—c Tl/Tlo W, = 3 w,0,

m-sec

- 4 -1 363 5

43309 2.68267% 1.836u87% L.7h96 3 95

'7(321;3?;9 3,020 2.0677 4,156 4592
.73k 3.07h 2.1047 1,083 3 398&
734k 3.593 2.4595 3.493 2~907g
L7324k 3.642 2.,4933 3445 2.81617
738 h.oth 2.9257 2.935 2.11;: 32
LT3kl b3k 2.95%5 2.907 2.4201
.73k 5.08k 3.4801 2.467 2.0533
L7324 5.110 3.4585 2.454 2.0l25
L3244 6.047 4.1397 2.073 1.7256

-1 1, +l+ - 1'7239'
L7324k 6.053 4.1%38 2.071
.;52% 7.169 4.9079 1.748 1.4551
JS732%4  7.193 k.g2h2 1.742 1.4502
L7324k 8 h91 5.8126 1.475 1.2282
73244 5.8575 3.564 1.2187
57 S oos+0 £.3557 1.245 1.0367
L7328k 1.018 6.9676 1.230 1.0243 6
L7324 1.191 8.1518 1.051 8.7523"
L7328 1.211 8.28381 1.034 8.6080

1.
1.
1.
1.

-6
+0 -5
L7724 1.410 9. 6529 8.876 7.3889
.'7(;2!;& 1.440 9. 8588 8.691 7.2343
7324 1.670 1.143%0%2  7.hg4 6.2382
752l 1,713 1.1727 7.%04 6.0723
L7324 1.977 1.3533 £.327 5.2669
L7324k 2.038 1.%950 6.13% 5.1065
73 2,341 1.6023 5.343 . 4772
J732hh 2.k2k 1.6594 5.159 L4.2940
J73euh 2,771 1.8970 h.s511 3.7552
73244 2.883 1.9738 4.335 3.6088

+0 45 -5 %1711

L7324k 3,280 2,245 3.810 3,17

."gab,h 3.470 2.3479 3.643 3.0329

L7524k 3.883 2.6584 3.2:é; gg')gg
L7132 .080 2. 3.0l .

Tk b 7929 2.686 2.2360

2.532 2.1078

2.238 1.8632

2.101 1.7489

1.871 1.5573

1.749 1.4557

-6
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METRIC TABLE IV CONTINUED

ALTITUDE

i
]
i

H,m'

o,

‘m“gac

w/w, J

Z,m

ALTITUDE IF STECIFIC WEBIGHT
H,m' Ew, kg

!!1286(:2

w/w,

109,000
109,867

110,000
110,902
111,000
111,937
112,000
112,973
113,000
11k,000
114,009

Declassified in Part - Sanitized Copy Approved for Release

93,601
oh,000
9k, 572
95,000
95,542
9€,000
96,512
97,000
97,482
98,000

98,451
99,000
99,420
100,000
100,389
101,000
101, 358
102,000
102, 326
103,000

103,294
104,000
104,261
105,000
105,229
106,000
106,196
107,000
107,162
1¢8,000

108,129
109,000
109,095
110,000
110,061
111,000
111,026
111,992
112,000

1.56872
1.160
1.319
1.223
1.112
1.027_¢
9.399
8.646
7.967
T.301

6.770
€.181
5.767
5.246
4,925
4. 463
4.215
3.807
3.616
3.254%

-6

3.109'6
2.788
2.678
2.39k4
2,312
2.060
2.000
1.776
1.734
1.534

1.506‘6
1.3%28
1.%10
1.752
1.1k2
1.001
9.971"7
8.721
8.711

1.3056‘6
1.215%
1.0977
1.0177
9.2546"7
8.5465
7.8240
7.1972
6.6317
6.0773

5.63557 1
5.1450
k.8007
k.3667
4.0995
3.7154
3.5083
3,1686
3.0099
2.7086

2.5877=7
2.3206
2,229L
1.9925
1.9248
1.71ks
1.6651
1.4782

115,000
115.0k5
116,000
116,082
117,000
117,119
113,000
118,256
119,000
119,194

120,000
120,232
121,000
121,270
122,000
122,309
123,000
123, 348
124,000
124,387

125,000
125,427
126,000
126,467
127,000
127,507
128,000
128,548
129,000
129,589

130,000
130,630
131,000
131,672
132,000
132,714
135,000
137,929

112,957 7.68°7 6.3606-8

113,000 (.596
113,921  6.706
114,000 6.635
114,885 5.89%
115,000 5.805
115,850 5.189
116,000 5.088
116,813  k.575
117,000 k.u66

17,777 4.0k
118,000 3.926
18,740  3.573
119,000  3.k57
119,703  3.164
120,000 3.048
120,665
121,000
121,627
122,000

122,589
123,000

123,551

124,000

124,512

125,000 .
125,473 ©1.569
126,000  1.475
126,434  1.391
127,000 1.289

127,395
128,000
128,355
129,000

1.
1.131
1.
9'
129,315 9.
8.
6.
b

2
1
080
9
570
795
783
965

130,000
132,193
135,000

@ 50-Yr 2014/03/20 :

23~T 1.01838

Sh™

€.3231
5.5819
5.5230
4,906
4.8323
4.319%
h.2349
15.8085
'3.7172

=7 3.362978
3.2679
2.9738
2.8773
2.6335
2.5371
2.3353
2.24%04

1.2280

1.1575
1.0728

9.1107"9
8 8.9913
8.2859
T.9664
T.321h
5.6462
L.1333
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@ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6

Declassified in Part - Sanitized Copy Approved for Release

Y W@ o

METRIC TABLE IV CONTINUED

ALTITUDE SPECIFIC WEIGHT ALTITUDE SPECIFIC WEIGHT

mna' jo
’ 33| 0o,

w/w,
mSsec

Z;m n,m* [11)
) & ¢
’m sec

140,600 136,983 4.034~0 -9 -1 -
USRS o L i 23 6.0 5.
145,000 141,766 2. 2.1098 205’02(6’ 6.402 5.3288
148,385 145,000 1. 1.5808 2107,9 5.678  kL.7260
150,200 146,542 1.665  1.3863 0,000 5.235  k.3577
153,625 150,000 1.2 . - -
1sg:gco 151:311 1,12;’ ;,ﬁﬁgg-m gllg,gé% 4.718710 ggg,g 11
1 -~ - ? . -
58,87k 155,000 8.61979 7.17kg 2123’282 > 200
160,000 156,072 7.98177 6. -10 ’ . 2.9627
164150 160,000 6.086  5.6en 251989 3 2.7526
165,000 160,826 5.761  kh.7554 226,622 2. ey
163,397 165,000 ko7 3.6¢87 250 005 o 2.5206
-;-;g,goo 165,572 h4.254 3.5407 & ’ : 2.0552
74,671 170,000 3.262 2.7 .
175,000 170, 311 3.203 e.gsgﬁ ggé’ggg : i'ggggu
2 . .

179,954 175,000 2.460 2.0h79 { 252’908 ; 16700
180,000 175,043 2.455"9 2.0435-10 »000 1. 1.h517
185,000 179,768 1.951 1.62?3 2&?’3@‘8 . .k255
185,245 180,000 1.929 1.6058 ke’ 16s 1. -2278
:{901080 lgh,h86 1.562 1.3001 5,165 . 1.2211
90,545 185,000 1.52 ] _
195:000 1891196 1 253 inggg Sgg;ggg . :{gﬁgs 11
195,854 190,000 1.215 1.011k S?;‘:;’gg : 9:0551;“12
200,000 123,855 1.02 -9 8.5131-11 H] . 8.8834
201,171 195,000 9.7h9-10 8 iitn 228,999 9. 7-8367
eog,ooo 198,595 8.356 6.9558 263,597 B. égg;?
206,497 200,000 17.875 6.5552 265,000 7. . 6:5196
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METRIC TABLE IV CONTINUED

0IFTC WRIGHT
ALTITUDE SPLCIFIC WEIGHT ALTITUNE SPECT

Z,m H,m'
Z,m ) 2

' geuo12] uoo,000 376,320

533’3?? . hohjléo 3 ,oog
085,000 & . 410,000 385,15
987’%5 . . k15,491 290,000
250,000 . 420,000 393,970
292’902 80,000 5. 426,860 hoo,ouc6>
295,000 . 420,000 L02,T5
298, 377 . 438,267 410,000
’ 440,000 111,516
300,000 205 449,713 k20,000
203,862 ) )y :
50,000 420,250

gg’ggg .33 1;601000 1+28;959
510’000 . 461,197 yg,gocr)
311»’859 ,000 . 470,000 37,642
320,000 30k . l72,721 - 440,000
325,893 310,000 . uao,goo Ll ,0588
30,000 313,714 2. . 434,283 llisg, 0
336,963 320,000 1. §+9o,ooo ugo ,9(3)0
322,738 1. . 495,884 ,0

200 5000
348,069 330, 00,000 463,540

000 331,735 1.32671 110315\ 507,525 170,000
??33213 gzojgoo ‘ . 510,000 k72,122
360,000 340,705 1.077_ . 519,205 %,goo
570,003 %9,232 -800 [ 2238’00008 m,o:rg
570) 39 3501 i 2 B’ At

8,56 . . 530,925 490,000

380’222 360,000 sho,
T0l00 16 5 : 242,686 500,000
392,867 370,000
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METRIC TABLE V

MEAN FREE PATH, COLLISICH FREQUENCY AND NUMBER DENSITY AS FUNCTIONS
OF GEQMETRIC AND GEOPOTENTIAL ALTITUDE

MEAN FREE PATH COLLISTON FREQUENCY| NUMBER DENSITY

H,m' L,m L/Lg V,sec”H| Y3 n,m'5 n/ng

150910 1.66303  4.0161%7 1.576Lk
.1505  1.€662k1 h,01h7 .57591
.0kko  1.50853 3.6805 Lsh72
O0k37  1.50812 3.6796 Alh37
45039 1.36557  3.3668  1.32157
Alhgo  1.36538 3.3663  1.321hk0
.5370  1.23359 3.07h0 .20657
.5364  1.23352 3.0739 .20660
6951 1.1119% 2.8013 .09960
L6949 1.11192 2.8012 .09958

.92049 1.00000 . 2.5476%2 1.00000 N
.2089 8.97183™% 2.35118 9.07h75"
.2088 8.97171 2.3118 9.0746L
1,999.4 8.0710 .5566 8.02929  2.0933 8.21671
2,000 8.0715 .5565 8.02910 2.0931 8.21622
2,998.6 8.9347 . k.g599 T7.16701 1.8909 7.he2h3
3,000 8.9360 . 5 L.9501  7.16587 1.8996 T.42137
3,997.5 9.9151 . 4.4151  6.37980 1.7039 6.68847
4,000 9.9178 . k. 5178 6.37792 1.7035 6.68671

4,996.1 1.103277 1. 5 3.9189 5.66275°1 1.531527 6.0116171
51880 1.10%6 . 3.9170  5.66006  1.5308 6.00906
5,99%.3 1.2307 . 5.4679 5.01106  1.3728  5.38859
6,000  1.2315 . 3.4654  5.00755  1.3719 5.38519
6,992.3 1.3769 . 3.0590 L.42031 1.2270 4.81643
7,000 1.5781 . 3,0560  L.h1sgh 1.2259 L4.81216
7,989.9 1.5451 . 2.6895 3.88608 1.093%  4.29206
8,000 1.5469 . 2.6858  3.88097 1.09212!+ 4.28701
8,987.3 1.7394 . 2.3560  3.L0437 9.7130<* 3.81270
9,000 1.7%21 . 2.3519  3.39853 9.6981  3.80685

gh.3 1.964677 2. 0562° 2.9712171  8.599u2% 3.37554-1
181800 1.3685 .96 L0517  2.y0hu(i 8.5t26  3.36896
10,581 2.2269 v .7875 2.58291 7.5864 2.97792
11,000 2.2524 . L7626  2.575%0 7.5680 2.97069
11,977 2.60k4 . .5280 2.20798 6.4870  2.54637
12,000 2.6137 . .5226  2.20012 6.4639 2.5373L
12,973 3.0473 . .3059 1.88703 5.54k1  2.17624
13,000 3.0601 . 1.3005 1.87916 5.5210 2.16716
13,979 3.5653 . 1,1162 1.61288 %.7385 1.86001
1k,000 3.5828 . 1.1107 1.60502 4.7155 1.85100

-5,003.9 14.2068-8 6.3u3u2"1
-5,000 4.2082 6.34554
-4,002.5 4.5903 6.92177
-4,000 k.5g1h

-3,001.k 5.0181

-3,000 5.0187

-2,000.6 5.4959

-2,000 5.4962

-1,000.2 6.0310

-1,000 6.0311

HH R

o 6.6317°8
999.8 7.3079
1,000 7.3080

VIV -1 0O0O0OWOV KKK
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METRIC TABLE V CONTINUED

ALTITUDE MEAN FREE PATY l COLL,ISION FREQUENCY NUMBER DENSITY

Z,m H,m' L,m L, Ly | =, sec | Y/, | n,m2 n/ng

5508 1.57352°1 h.0501°" 1.589807%
.1870 1.37087 4.0276 1.58097
.15ks 1.17832 5.4619 1.35891
L1030 1.17088 3.4h00 1.35033
.9705 1.00724 2.9593  1.16162
.9209 1.00007 2.9332 1.1533&_2
.9588  8.6105172 2.5298  9.93016
.9112 8.54176 2.5096 9.85088
.0942 7.36108 2.1627 8.48925

15,000 14,965 4173477 &.200110 9
15,035 15,000 L.19h7 6.32321 9
16,000 15,960 u.8802 7.35882 8
16,040 16,000 L4.9112 §
17,000 16,955 5.7091 . 6
17,046 17,0C0° 5.7500 . N 6
18,000 17,949 6.6784 5
18,051 18,000 6.7321 5
19,000 18,945 7.8119 5
19,057 19,000 7.8820 5

N

L

0489 7.29565 2.1435 8.41379
35528 -2.29528“2 1.gh982h 7.§§2§2‘2
20,063 20,000 9.2282 3125 .23133 1.830 7.
21,000 20,951 1.0687°° 5.7237  5.58070  1.5808  6.20534
21,070 21,000 1.0804 . 3.6832 5.32227 1.5637 6.13797
22,000 21,92k 1.2499 . 3.1838 }4.60056 1.3516 5. 30565
22,076 22,000 1.2650 . 3.1459 L.54585 1.3356 5.24255
23,000 22,917 1.4618 . 2.7223 3.93378 1.1557 4.53667
23,084 23,000 1.4810 . 2.6870 3.88268 1.1&0723 L. 47774
24,000 23,910 1.7095 . 2.3279 3.36380 9.8828 3.87934
24,091 24,000 1.7340 . 2.2950 3.31626 9.7431 3.82451

20,000 19,957 9.1374""

-6 8 -2 8451377 3.3174272
24,902 1.9991 . 1.9907 2.87655 513 3.317
22:883 esjggo 2002 3. 1.5602  2.8%2h7  8.3218  3.26658
26,000 25,894 2.3645 .565 1.693L 2.44703 T.1453 2.80476
26,107 26,000 2.4073 . 1.66k45 2.40527 7.0182 2.75490
27,000 26,886 2.7939 . 1.4428 2.0887 6.0469 2.37361
27,115 27,000 2.8477 . 1.4166 2.0l4706 5.9327 2.32877
28,000 27,877 3.2939 . 1.2320 1.78019 5.1290 2.01332
28,124 28,000 3.3613 1.2083 1.7459h 5.0262 1.97296
29,000 28,868 3.87k49 5. 1.0542 1.52325 4,3601 1.7147
29,133 29,000 3.9588 1.0327 1.49226 4.2679 1.67520

9.03887 1.3061172 3.7a43> 1.4580372
8.8L46 1.2780L 3.6313 1.h42540
7.7658 1.12216 3.1710 1.24h72
7.5901 1.09677 3.0963 1.21538
6.6852  9.66010"7 2.7126  1.06478
6.5262 g.h§035 2.6454 1.22220_3
.76 .33173 2,3251 9. o
2.2238 8.22381 2,26L46 8.88qLk
l+.,9824 7 19959 1.9968 7.83821
4.8521 7.01132 1.9424 7.62473

—

50,000 29,859 b.5484"8
30,142 30,000 k4.6525
31,000 30,850 5.3279
71,152 31,000 5.4565
32,000 31,80 6.0282
32,162 32,000 6.3865
33,000 32,8%0 7.2663
33,172 33,000 T.4602
34,000 33,819 8.4608
34,183 34,000 8.6976

-3 O
o @
AN
w Q
\N \N
AN

= \0\0 O ®
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METRIC TABLE V CONTINUED

ALTITUDE | COLLISLON FREQUENCY || NUMBER DENSITY

PAT
L1

Z,n H,m'

1 yyseel |/ ¢ on,mTd n/ng

.hn°7ﬂ2 b.50327  6.2325070 1.718223 G.7hh5("O
.52621 h4.,19%2 6.002053 .6692 6.55217
. 72002 . 5.40500 811 5.813590
77279 5.6336 5.25049 4370 5.64082
.9916R . L. 6oslt 2701 5.02089
,095551 .1525 L 55548 2594 4.86497
" L.08585 . k. 34354
3.95902 . 4.20313
3.56139 . 3.76419
5.44631 . 3.63753

55,000 34,808
35,194 35,000
36,000 35,797
36,205 6,000
37,000 26,786
58,000 37,77h
38,229 78,000
39,000 8,762
70,211 39,000

Al ol ol L TR R

3.10017°> 8. 3.26751°7
3.00483 0328 3.15332
2.71869 . 2.84105
2.62401 . 2,73803
2.38090 . 2.47422
2.29489 . 2,38115
2.0882L . 2.15815
2.01011 . 2.07408
1.83k425 . 1.88534
1.76322 . 1.80933

1.6134473 4. 1.64946~3
1.54887 e 1.58073
1.k2123 .6 1.44523%
1.36249 . 1.38304
1.25365 1.26812
1.20017 . 1.21179
1.11080 ) 1.12155
1.06353 L 1.07383
9.86127~ 9.95675
9.424hkg 2. heue 9.5157h

8.75484~% 2.2519%2 8.83961°%
8.35151 2.1482 8.43237
7-77283 1.9993 7.84809
7.40070 1.9036 7.47235
6.90125 1.7752 6.96807

Lo,000 39,750

ko,253 40,000

k1,000 k0,737

k1,266 41,000

k2,000 k1,724

k2,279 42,000

43,000 Lo,711 .

u3,293 b3,000 3. 4.821k1
Lk, 000 43,608 3. 5.30407

hh 307 4,000 3. 5.52691

45,000 Uh,684 L. 6.062582
45,321 45,500 &. 6.32619
46,000 45,670 k. 6.91932
46,555 46,000 k. 7.23046
47,000 46,655 5. 7.88572
47,350 47,000 5. 8.25225
48,000 47,640 5. 8. 91625
48,365 48,000 6. 9.31247
49,000 48,625 6. 1.004343
49,381 149,000 6.969 1.05089

50,000 49,610 7.5023°5 1.13127°
50,396 50,000 T7.8646 1.18591
51,000 50,59% 8.4501 1.27420
51,412 51,000 8.8750 1.33827
52,000 51,578 9.5173 " 1.43512
52,k29 52,000 1.00157" 1.51020 6.55813 1.6869 6.62162
53,000 52,562 1.0719 1.61631 6.12761 1.5761 6.18694
53,446 53,000 1.1302 1.70423 . 5.81148 1.4948 5.86775
5h ooo 53,545 1.1984 1.80707 . 5.46012 1.4098 5.53383
54,000 1.2589 1.89826 . 5.18136 1.3420 5.26800

e el T R=R AN

:;:»:;-..::'\'n\:n\:ngx AN~ OOV 12
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METRIC TABLE V CONTINUED

¥

ALTITUDE MEAII FREE PATH iCOLLISION FREQUENCY NUMBER DENSITY

H,m' L,m L/Ly |i° all B N n,m~ n/ng
B73u6h 1.267022 b.o7335%
b121k 1.2031 L, 72241
.34305 1.1370 4.46310
.05858 1.0768 4,22666
86427  1.0188 _  3.99926
63601 9.6219°1  3,77692
43260 9.1158 , 3.57809
.21998  8.5839 ' 3.36945
.okkok 8.1425 . 3.13620
84637 7.6&&8/’ 3,00083

6olT6t 7.26062% 2.850u27
.511k2 6.7965 2.66784
.38135 6.4652 2.53783
21160 6.0%13 2.36750
.10040 5.7462 2.25558
94371 5.3423  2.09705
.8hg23 5.0980 2.0011L
.To4(9 L. 7230 1.8539h4
.62488 L.51h7 1.77228
.49205 4,167 1.63573

3355~ 2.01072°
Lok 2,11756
1859 2.2L060
5690 2.56593
.6582 2.500k46
L7559 2.64764
57,476 2.79479
58,000 2.96784
58,457 2. 3.12871
59,000 2. 3,33242

54,528
55,000
55,511
56,000
56,495
57,000

[ S ol

Hl\)l’\)l\)l\‘l\)l\)\.ﬂ\:}l\.ﬂ
[VECTRCTRCT LRSI g o i o

3.50826°
3.74835
3.94038
h.22586
L. L5346
4, 76860
4.99716
5.39393
5.64277
6.11347

6. 384047
6.94321
7.23570
7.90225
.21977
.01354
. 35602&
.0%0L5
.06722
.18081

e e e
e s e N AN

L2b85 Y 3.99052% 1.566807"
.30%02 4.6691 1.44026
2468k 3,5205  1.38185
.13537 3.2238 1.26546
.08875 3.0993 1.21658
.8698970 2.826k  1.109h4k
2.7229  1.06883

2.4723  9.7044772
. 2.3871.  9.37010
7.10406 2.1575 8.L468Tk

7.15067°5 2.0830°% 8.19618°
6.38827 1.8782 7.372k4
6.18596 1.8222 7.1.5289
.5520L 5.49705 1.6309 6.40188
.60581 5.33770 1.5865 6.22739
.80355 . L.7170% 1.4125 5.54L461
.84001 . k.59371 1.3778 5.108%0
.08810 .793 %.03597 1.2200 4.78903
13452 3.94261 1.1935 4.68L89
2.42437 2.3826 1.0508 L.224h79

1= = = \0\0

.22008%
. 35640
3980k

ACTAGTIN g ot = \n\n\J‘lO’\O\-slTICO‘;O\.O
e s s » PN )

SRR ol e el el
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nﬁ!

H

e B et

METRIC TABILE V CONTTNUED

ALTITUDE |I MEALi FREE PATH COLLISION FREQUENCY NUMBER DENSITY
i

T
. /- % )
Z,m ®,n' L,m l L/Lo - ,sec J/i n,m" > n/ng

27058%  2.3351°  5.574a475 1.0511%%  h.ob7u70
8230  2.026 2.9279 .02k 20 3 5403
8755 1.991 2,876k R56 3.4801
.3580 .703 2.4é1k . 2.9780
.Loko .680 2.4281 . 2.9577
g9kl b32 2.0692 . 2.5035
.0524 419 2,0498 .5 2.4799
.751k .20k 1.7396 . 2.1046
.T76k .198 1.730L . 2.0936
.6519 .012 1.4624 . 2.7693

75,000 7h,125
79,895 75,000
76,000 75,102
76,920 76,000
17,000 76,078
71,984 77,000
18,000 77,055
78,969 178,000
79,000 18,0%0
19,994 79,000

80,000 79,006
81,000 79,981
81,020 89,000
82,000 80,956
82,0L5 81,000
33,000 81,9%
83,072 82,000
84,000 82,904
84,098 83,000

6575 1. 1.461077 L. 1.767675
. 7007 . 1.2335 . 1.hko2k
.72%0 . 1.2294 . 1.4874
.9359 . 1.0415 . 1.2601
.9972 . 1.0335 . 1.2504
. 3983 . 8.7945" . 1.0640
.9128 . 8.6887 . 1.0512 6
A10° S5 7.4265 . 8.9851"
L1316 . T.50b4 . 8.8373

2676 1. 7.587876
.1k06 . 7.4293
.2965 . 6.4081
.1623 . 6.2456
4733 . 5.4121
.3398 . 5.2506
7783 . 4.5712
L6484 . L. .41ko
L1911k . 3.8611
.0671 . 3.7108

HEOWON-N0OCWW WV EEEGUWO NN

.3179°
. 3460
.5605
L6011
8477
.0046
.1876
. 2655
.5899
L6949

99,000 88,7kl 3.06605 1. 69586 8. 3.261¢-6
90,264 89,000 3.2056 . 5784 . 3.1196
91,000 89,716 2..407 5.6295 . . . 2.7552
01,293 90,000 2.529 3.8131 . . . 2.6225
92,000 90,688 2.8hg 4.2956 . . . 2.3280
92,322 91,000 3.007 4.5340 . . . 2.2055
93,000 91,659 3.369 5.0795 . 015 1.9687
93,351 92,000 3.572 5.3859 . . 1.8567
94,000 92,620 3.978 5.9991 . . 1.66€9
9k,381 93,000 L.237 6.3891 . . 1.5652

85,000 83,878
85,125 84,000
86,000 8k4,852
86,152 85,000
87,000 85,825
87,179 86,000
88,000 86,798
88,207 87,000
89,000 87,771
89,255 88,000

SN SR R
WLILIWLEE U N
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METRIC TABLE V CONTINUED

Z,m H,m' v ,sec”

1]
ALTITUDE MEAN FREE PATH || COLLISION FREQUENCY" NUMBER DENSITY
L,m

1 V/Vo " n,m">

95,000 93,601 L4.692"2 7. 8.340"3 1.2051°6  3.60129
95,411  ¢4,000 5.018 5 7.823  1.13%04 3.366
96,000 94,572 5.52% .329 7.141 1.0318 3.058
96,41 95,000 5.93h4 6.671  9.6306"T 2.847
97,000 95,542 6.k93 . 6.123  8.8483 2.602
97,472 96,000 7.003 . 5.698 8.2311 2.3
98,000 96,512 T7.617 . 5.260  7.6010 2,218
98,503 97,000 8.24%9 . 4,876 7.0461 2,048
99,000 97,482 8.920 .3k 4.526 6.5407 1.894
99,534 98,000 9.698 . 4.180 6.040kL

100,000 98,451 1.0437% 1. . 5.6382=T
100,566 99,000 1.13 . . 5.1878
101,000 99,420 .8342 . 14,8690
101,598 100,000 1. . L. 4637
102,060 100,389 1. . 4.2123
102,631 101,000 1. . . 3.8479
103,000 101,358 1. . . 5.6506
103,663 102,000 1. . . 3.3231
104,000 102,326 1. . . 3.1693
10k,696 103,000 2. . Ko 2.8752

2, 75647
2.h921
2.ho14
2.1639
2.0956
1.8822
1.8319
1.6400
1.6040
1.431%

1.4067°7
3.251%

105,000 103,204
105,730 104,000
106,000 104,261
106,764 1C5,000
107,000 103,229
107,798 106,000
108,000 106,196
108,832 107,000
109,000 107,162
109,867 108,000

O OU F N
£\nsn\n

O = lJ’\O’lt:

8

82
O FFO

& &
)

110,000 108,129
110,902 109,000
111,000 109,095 1.2357
111,937 110,000 . 1.0959
112,000 110,061 5. . 1.0871
112,973 111,000 6. . 9.6120"
113,000 111,026 6. 9.5790
114,000 111,992 7. 153 8.45%
114,009 112,000 7. . 8.443%9

[o
-

VUME FUspe e PP D
O+ O
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METRIC TABLE V CONTINUED

ALTITUDE " MBAN FREE PATH || COLLISION FREQUENCY {| NUMBER DENSITY

Z,m H,m' L,m L/Lg yysect v/ivg n,m™> e/n,

115,000 112,957 8.707'l 1.31297 5.170*2 7.&705’8 1.914018 7.6167'8
115,045 113,000 8.758 1.3206 5.141 . 1.929 1.5725
116,000 113,921 9.898 1.4925 L.576 . 1.707 6.7003
116,082 114,000 1.000° 1.5081  4.5% . 1.689  6.6308
117,000 114,885 1.123 1.6941 4.055 . 1.5Ch 5.903C
117,119 115,000 1.1k0 1.7196 3.698 . 1.481 5.8154
118,000 115,850 1.273 1.9201  3.599 . 1.327  5.2081
118,156 116,000 1.298  1.9577 3.533 . 1.3%01 5.1080
119,000 116,813 1.4l 2.1731 . . k6017
119,19% 117,000 1.476 2,2255 .127 . . k.4933

.8u6te
7L
.536
bs59
.263
.185
.022
.okl
.808
732

125,000 122,589 2.944° 4.uzghT  1.619*2
125,h27 123,000 3.092 L. 6627 .5h5
126,000 123,551 3.302 L.9784 .4s2
126,467 124,000 3.481 5.2L97 .380
127,000 124,512 3.698  5.5759 203
127,507 125,000 3.915 5.9032 234
128,000 125,473 k4.137 6.2376 L1771
128,548 126,000 k.s97 6.6298 .105
129,000 126,434 L4, 652 7.0291 .04g
129,583 127,000 5.025 7.5770

8

k.o715"
3.9584
3.607Th
3.4921
3.2005
3.0852
2.8432
2.7293
2.5291
2.4178

2,2525“8
2.1447
2.0087
1.9049
1.7934
1.6940
1.6032
1.5083
1.4h227
1.3198

130,000 127,395 5.2910 7.978&7 . . 1.253&‘8
130,630 128,000 5.720 8.6255 8. . . 1.1593
131,000 128,355 5.984 9.0233 . . . 1.1082
131,672 129,000 6.488 9.78278 . . . 1.0222
132,000 129,315 6.745 1.0171 ] . . 9.8323™9
132,714 130,000 7.332 1.1056 . . 9.0LL6
135,000 132,193 9.l+81.+1 1.4296 . - . 6.9951
137,929 135,000 1.29Y 1.9462 . . . 5.1361

120,000 117,777 1.629° 2.4s5617
120,232 118,000 1.675 2.5263
121,000 118,740 1.838 2.7721
121,270 119,000 1.8g9 2.8636
122,000 119,703 2.072 3.1245
122,309 120,000 2£.150 3.243
123,000 120,665 2.332 3.5171
123,348 121,000 2.4% 3.66%9
124,000 121,627 2.622 3.95%9
124,387 122,000 2.743  L4.1359

g5 8L 8
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_f

METRIC TABLE V CONTINUED

ALTITUDE MEAN FREE PATE COLLISION FREQUENCY

L/L, " vasee | iy,

H,m'

| d
-
B

2,n Jl_

140,000 136,983
143,153 140,000
145,000 141,766
148,385 145,000
150,000 146,542
153,625 150,000
155,000 151,311
158,874k 155,000

+
[

5.5&8“1
2.731
2.361
1.823
1.634
1.277
1.1680
9.175

0
160,000 156,072 8.571
164,131 160,000 1. 6.763
165,000 160,826 1. . 6.451
169,397 185,000 1. 2-091
170,000 165,572 1. . L.gk1
174,671 170,000 1. 3.915
175,000 170,311 1. . 3.854
179,954 175,000 2. - 3.058

(@] \n =~ \n

REFELES

PE R @i e
W= O

3@%&\?%%&

DV P
o
8
&

BN

0
180,000 175,043 2. . 3.053
185,000 179,768 3. . 2.505
185,245 180,000 3. . R
190,000 184,486 3. . 2.082
190,545 185,000 3.9 . 2.0k0
195,000 189,196 L. . 1.734
195,854 190,000 k. . 1.682

200,000 193,899 5. . 1.453°
201,171 195,000 5.90 . 1.395
205,000 198,595 . 1.225
206,497 200,000 7. . 1.162
210,000 203,284 8. . 1.0%4
211,831 205,000 8. . 9.740
215,000 207,966 9. . 8.789
217,175 210,000 1. . 8.199

7.5017%

6.427
5.890
5.529
5.023
L7k
L4.300

220,000 212,641
222,526 215,000
225,000 217,308
227,887 220,000
270,000 221,969
233,256 225,000
235,000 226,622
258;631* 230,000

. —tn

-

R el ol ol

BRI Ak 0 it $06 om i otoma & 00k 0
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METRIC TABLE V CONTINUED

MEAN FREE PATH COLLISION FREQUENCY {| NUMBER DENSITY

L,m L/Lg vssec T | v/vg n,m"> n/ng

1.659*% 3.0067%
6.778 2.661
6.581 2.583
5.773 2,266
5.676 2.228
L.936  1.938
.01 1.02

o)
=
=2
o
L
'_l
[

206*3 3.32635710 n.a377t
93 3,7586 3.696
.567  3.8708 3.597
926  h.h126 3,187
977  4.h886 3.137

5.1612 2.758

5.1877 2.745

10 408
260,000 249,784 5.9765t10 2.
260,235 250,000 6.0158 2.39%
265,000 254,295 L. 5.8641 2.1}32
265,657 255,000 L. 6.9885 2.go
270,000 258,999 5. 7.8603 1.87
271,088 260,000 8.0925 1.622
275,000 263,597 8.9757 1. su
276,528 265,000 9.2421 1.59

231,268
2kl 021 235,000
245,000 235,908
2lg,417 240,000
250,000 240,540
254,821 245,000
255,000 245,165

=l
232
Wag

RS :‘:‘\.n\.n\.n
5L
0]

Reu &
)

NN \QWE\)NI\JMI\)
\2
I
@

g
E
3

N ORNDREEROG
~J\WN '\
N B’E‘B’\mw-q

280,000 268,187 1.0222 1% 1.467
281,977 270,000 1.0753 1.1;03
285,000 272,771 1.1610 1.%0
287,435 275,000 1.2342 1.225
290,000 277,347 1.3154 1.1 8%
262,902 280,000 1.4127 1.0

295,000 281,917 9.860 1.4868 1.252
298,377 285,000 1.6129 9.62

-2
300,000 286,480 1.6766"1 9.289
23,862 290,000 1.8%68 2.538
305,000 291,036 1.8863 .531
709,356 295,000 1. 2.0867 7.28 2
310,000 295,585 1. 2.1177 ;( g
%1h4,859 300,000 2.3651 R

o O
l—'g\ﬂ [eANVe)
VIV =) &+

o\
nIBB L
OO O W\

Vv OO POV RPHERREEE

YRRV LR
&
.
IRES

o
@ FE

W OFEFFYY
3 B
3

|

n

320,000 304,663 2.6527" 6.07972
325,893 310,000 5.0182 5.396
330,000 313,71k 3.2971 u.97?
336,963 320,000 3.8194 L.3k1
340,000 322,738 4 .0682 4.095
348,069 330,000 3. 4.7959 3.517
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N W

o
&

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 014/03/20 : CIA-RDP81-01043R002600070006-6

s ot e s

METRIC TABLE V CONTINUED

e e o A i B e AR

“

-3 n
. “ L,m L/L “ v,sec Il v/vg “ n,m n/ng
3
i

551,735 3.306™ b.g853"t
240,000 3. 5.9761
340,705 . 6.(_):{01
349,648 L. 7.5463
350,000 L. {4009
358, 565 . 8.8
360,000 6. 9:10%9,12
367,456 7. 1.0581
370,000 7. 1.3

-12
2 h.0035712  5.11010 2.0059
ﬁ,iﬁ?g k261 1.6728
1.0875 4,197 1.647k
3,426k 5.468  1.3612
Su030 Sk 13512
2.887+ 2,582  1.1312
2.8101 2.798 ?‘0985-13
253 2.408  9.h507
2.3335 2.289  8.9846

-13
o776-12 202213 7.93637%
v L
.70 .
L7782 T 6aies
5.6767
5.0812
4.8331
L. 2Lkl
4.1319
3.5617

3,5463713
3.0552
3.0019
2.,6416
2.5406
2,2918
2,1587
1.9948
1.8n2

P 00O

02 M0N0 Wi i C0 o
=l [ ON

‘,‘\’,ﬁ\&\n H\'B\O\)l

O
% &
N

376,320 8. 1260011
30,000 8. 1.3531
285,158 9. 1.4933 1.6342 .
390,000 1. 1.6360 i 1.5262
+00, . 1.31

: . 1.1377
iééiggg : ‘863 9.916813

2

420,250 . %’231;‘13
2 -
hgg,ggg . 8.14660

, : ) 7.5215
437,642 " §5%0 ) 7.2551
Wi 30 - S Coes
150,000 ) :
45k,932
140,000

463, 5540

470,000

72,122

180,000

1480, 679

489,212 .

490,000 g-gg?g

el 9.9168  2.135

5%

ShE
AR N

N e e
00 QM

%

O F DN OO
2e8eRE &S

1.7&18’13
1.5760
1.5255
1.3536
1.3%99
1.1801
1.1665
1.0419
1.008k4
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ALTITUDE IN GEOPOTENTIAL KILOMETERS
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»n I
S 3

"
«
w
=
w
-3
o
2
x
2
=
-
w
X
=
w
o
z
w
o
2
e
5
<

w
(=]

™~

N |
N
17 18 ll9 20 21 22 23 24 25 26
NUMBZR DENSITY, m-3
NUMBER DENSITY ¥vS GEOPOTENTIAL ALTITUDE
FIGURE 14.

gv!f‘r‘ﬂ'w“-',:’r[.’!':ﬁﬂ;?ﬁ(”&mmﬁ;rmrwﬂncr-r.-' Cose e g e gavee s

Declassified in Part - Sanitized Copy Approved for Release 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6

Section 11

ENGLISH TABLES
OF THR
ARDC MODEL ATHMOSPHERE, 1956

NOTE: Superscripte appecaring in the following
tables indicate the power of ten by which each
tabulated value should be multiplied.
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ENGLISH TABIE I

TEMPERATURES, MOLECULAR WEIGHT, GRAVITATIONAL ACCELERATION
AS FUNCTLONS OF GEGMETRIC AND GEOPOTENTIAIL ALTITUDE

GRAVT.
TEMPERATURE MOLECULAR WEIG ACCEL.

-2
t, °F T, °R T/ T, l M M/M, I[g,ft sec

112.531 572.22 1.10320 28.966 1.00000 32,2204
112.k92 572.18 1.10313 32,2204
103.604 563.29 1.08599 32.2127
103.577 563.27 1.0859% 32,2126
9k.679 554.37 1.06879 32,2049
ok.662 55%.35 1.06875 30,2049
85.756 sShs5.4l  1.05158 32.1972
85.746 5h5.43 1.05157 32,1972
76.835 536.52 1.03439 32.1895
76.831 536.52 1.03438 32,1895
67.916 527.60 1.01719 32.1818
67.915 527.60 1.01719 32,1818

59.000 518.69 1.00000

50.086 509.77 .98281k
50.085 509.77 .982812
41.17% 500.86  .965632
41.169 500.86  .965623
32.263 L491.95  .948453
22,254 Lol.oh  .9u8L35

23.355 L4B83.04  .931279
23.338 183.03  .931247
ik.k50  W7h.1lh 914110
ik 423 h7h.11 .914058
5.546 L65.23  .8965kLk
5.508 465.20  .896870
-3.356 u56.33 .879782
-3.408 456.28  .879681

constant at 28.966 for altitudes to 299,516 feet:
1.00000 for altitudes to 299,516 feet

-12.255 L47.43  .B62625
-12.323 447.36  .862493
-21.152 438.54  .3u5kT71
-21.239 438.45  .845305
-30.047 Leg.6k  .828322
-30.123 329.53 .228116
-38. 20.75  .811177

-gg.gégu ho0.62  .810928 28.966 1.00000
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ENGLIEH TABLE I CONTINUED

n GRAVT,
ALTITUDE | MOLECULAR WEIGHTJ ACCEL.

H,ft! Ht,-c T/T, E M M1, ug,ft sec

29957 -hh.351 .794036 28.966 1.C0000 32.0817
30000 -kh. L 793740 32,0816
32hg . .776899 32.0740
32500 6. . T76551 32.0739
3hol1 . 759766 32,0663
35000 . 759363 32,0662
36089 . 751874 32.0626
37433 75187k 32.0587
37500 -751874 32.0585

39923 32.0510
40000 32.0508
Lhokay 32.0433
k2500 32,0433
44003 32:0357
45000 32,0354
47392 32,0280
47500 3e.0277
49880

32,0203
50120 50000 -751874 32.0200
52500 52368 . 75187k 32,0127
526322 52500 . . 751874 32.0123
55000 54855 <75187h 32.0050
55145 55000 . . 751874 32,0045
57500 57342 . . . . 75187k 31.9974
57659 57500 . <T5187k

31.9969
60C00 59828 . 751874 31.9897
60173 60000 . 389. .75187h 31.5892
70000 69766 . . L7587k 31..9592
70236 70000 . .T5187h 31.9584
60000 79694 . .9 .75187h

BB
R
88

. 751874
.T51874
.75187h
. 751874
.T5187L
.T751874
75187k
. 751874

\D\O\.O\O\O

751874

L8S8 888888 Rs 3

BEE BEBIINNY

1.00000 for altitudes to 299,516 feet

constant at 28.966 for altitudes to 299,516 feet

31.9286
80308 80000 39, . 752874 31.9277
82345 8z021 751874 31.9215
90000 89613 775966 31.8982
0290 90000 <TT7193 31.8970

100000 99523 80711 31.8677
100482 100000 .808926 31.8663
110000 109423 .838827 31.8373
110583 110000 .840658 28.966 1.00000 31.83%6

LT el st o 17 b TR T
,

.
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ENGLISH TABLE I CONTINUED

E Il cravr,

TEMPERATURE MOLECULAR WI.IGHTL ACCEL.

Z .nt 1 N [ -2 o
5§ t, °C t,°F ™ °R /T, I M M/M, ng,ft sec~2

-2

120000 -22.400 -8.320 L51.37 .870212 28.9%5 1.00000

:ltggggg 0 -21.772 -7.190 4s2.50 .8 ;2390 2 t gigoozg

1% -13.364 7.944% L467.63  .001567 31.7767

130 5 -12.628 9.270 L468.96 .g0L4123 31.7742

1&002(6) -4.338 24,192 1483.88 .932893: 31. 7464
9 -3.484 25.729 L48s5.k2  .935855 31.7435

150000 4.681  ko.425 500,11 64188 ’

15108;3{ 5.660 42,183 501.88 8675 7 gi:{(ig;
iggggo 9.500 49.100 508.79 .980913 31.7000
1800 9.500 49.100 508.79  .980913 31.6860
17ooc3>g 9.200 %9.100 508.79 .980513 31.6823
i 9.500 49.100 508.79 .980913 31.6559
71397 9.500 k9.100 508.79 .980913
175346 9.500 k9.100 508.79 .980913
130200 k.061 39.310 499.00  .962040
181567 2.2%0 36.015 U495.70 .955686
190000 s -7.618 18.288 L477.98 .921510
191747 -9.657  14.618 W7h.Z  .o1kh3y

200000 -19.297 -2.735 Ls6.95 .880978
2919;7 -21.5kY -6.779 U4s2.91 .873?%2
2;0002 ~30.943  -23.697 L435.99 .8L0S65
21213 -33.431  -28.176 431.51 .831929
220000 -k2.589  -4k.659 115.0% .8o0151
222345 -45.318  -49.573 1410.11 <T90677
230000 -sh.223  -65,602 394.09  .759775
225565 -57.206  -70.970 388.72 .7hghzs
2&2923 ‘ -65.847 -86.525 3713.16  .T19437
2 1 -69.093  -62.367 267.32 708173

ko001 -76.300 -105.340 354.35 .683162

250030 3 -76.300 -105.340 354.35 .683162

Sgo,ggg ~76.300 -105.340 35k.35  .683162 gil!:é%
200000 & -76.300 -105.340 354.35 .683162 31.3866
203000 ~76.300 -105.3k0 354.35  .683162 31.3768
2;3"1;1 -76.200 -105.340 354.35 .68%162 . ’ 31.3569
280800 ~76.300 -105.340 354.35  .683162 ° 31.346k
oo -72.500 -105.340 354.35 .683162 31.3272
e -76.300 -105.340 354.35 .68%162 31.3159
oo -76.;00 -105.3%0 354.35  ,683162 31.2976
2 19 0 -76.300 -105.340 354.35 683162 31.2855
9516 5 ~76.300 -105.3L0 351; 35 685162 28 966 1.00000 31. 269h

o e ——— b e a—

constant at 28.966 for altitudes to 299,516 feet
1.00000 for altitudes to 299,516 feet
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ENGLISH TABLE I CONTINUED

ALTITUDE

TEMPERATURE

MOLECULAR WEIGHTH

GRAW .
ACCEL.

2,1t

H,ft'

t,°C

t, °F

M

M/, ﬂ g,ft sec™2

.
L kLl i ad AL

300000
304378
325000
3720145
350000
35597k
375000
381855

400000
Lo7822
k21745
425000
433841
450000
459924
475000
486071

500000
512282
550000
564897
590401

600000
617773
650000
670910

700000
Teh311
750000
777977

800000
831911
850000
886115

900000
940590
950000
995339

295746
300000
320013
325000
34k223
350000
368376
375000

392473
4C0000
413386
416512
425000
440Lg5
450000
L6hh22
475000

1488293
500000
535868
550000
STWLST

583221
600000

630354
650000

677268
700000
723965
750000

77046
800000
816714
850000

862768
900000
908611
950000

-76.20
-75.84
"6708h
-65.00
-52,52
-18.45
-34.90
-29.85

-16.25
-10.29
o.42
8.18
29.22
67.55
91.02
126.6
152.6

185.3
214.1
302.1
336.7
395.9

L4o2.0
413.6
L3k4.9
L48.9

468.5
485.1
502.8
522.1

531.3
559+5
572.1
597.3

607.1
635.5
642.1
675.9

-105.3

-104.5
~90.12
-85.01
-62.53
-55.21
-30.81
-21.73

02.76
13.48
22.75
L46.72
8L.60
153.6
195.8
259.8
306.7

365.6
117.3
575.7
638.1
k.5

755.7
776.5
814.9
840.0

875.4
805.3
937.0

Q71 .7

P Rl

999.2
1039
1062

1107

1125
1176
1188
125

Declassified in Part - Sanitized Copy Approved for Release

28.89
28.31
26.64
26.38
25.66
25.50
25.11
25.00

24,76
24 .68
24.54
24.52
24 .15
24.3%
24,28
2,20
24,15

2%.09
24 .05
23.93
23.90
23.84

23.59
23.17
22.48
22.09

21.59
21.22
20.85
20.50

20.24
19.90
19.72
19.39

19.27
18.95
18.88
18.57

7o T,

2,

LIPS

99748
97720
91967
.91069
.88583
.88o40
.86691
.863%08

.8s5481
.85188
84726
.84k
84403
843
.83823
.83553
83377

.83180

A

03025
.82627
.82498

.82303

.81458
-T79991
.77621
76252

.T453h
73242
. 71998
.T70766

.69876
.6869%
.68075
.66935

665271
.65422
.65183
.64108

B3

Jooriat v, .
-‘".'-_‘Jﬁf‘:‘#‘:-?-x:i".': "f‘.‘.‘::x.

31.2680

31.2551
31.1943
31.1791
31.1207
31.1032
31.0475
31.027h

30,9745
30.9517
30.9112
30.9018
30.8761
%0.8293
30.8006
30.7571
30.7252

30.6851
30.6u98
30.5419
30.4995
30.4270

30.3997
30. 3494
30.2585
30.1998

30.1183
30.0505
29.9791
29.9016

29.8408
29.7531
29.7035
29.€0k9

29.5671
29.hSYl
29.4317

29.3097—-

’
4
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ENGLISH TABLE I CONTINUED

ALTITUDE

GRAVT.:
MOLECULAR WEIGHT ACCEL.

Z,ft Lﬁ'”g%

M M/Mc Hg,ft sec™2

1000000 954245 677.2
105036k 1000000 T12.5
1100000 10k4889 7L7.3
11612k9 1100000 790.2
1200000 1134710 817.3
1273262 1200000 868.4
1300000 1223721 887.1
1386k21 1300000 947.0
1400000 1211932  956.4

1500000 1399354 1025
1500743 1400000 1026
1600000 1485997 1094
1616246 1500000 1105
1700000 1571872 1162
1732949 1600000 1184
1780465 16L4O420 1216
1850870 17C000C 1263

Declassified in Part - Sanitized Copy Approved for Release

18.54  .64004 29.2972
18.2%  .62955 29.1626
17.97 .6203h 29.0209
17.68 .61028 28.8696
17.51  .60454 28.7682
17.23  .59431 28.5781
17.14  .55158 28.5091
16.86 .58213 - 28.2880
16.82 .58076 28.2535

16.56 .57160 28.0013
16,56  .57153 27.999%
16.33  .56373  27.7525
16.29 .56255 27.7124
16.13  .55690 27.5069
16.07 .55L8L 27.4267
15.99 .55203 a7.3117
15.88  .54815 27.1426
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ENGLTSH TABLE II

PRESSURE AND DENSITY AS FUNCTIONS OF GEOMEIRIC AND (:NPCTENTIAL ALTITUDE

PRESSURE DENSITY

2
LY brsec”
P,in Hg | P2 P/pg (| P ok P/,

5.01h0t  3.54627 1.6757%° 3.610570  1.51897°
5.0122 3.5450 1.6751k 3.609% 1.51853
4,6163 3.2649 1.54281 3.3767 1.42064
4,6151 L2641 1.5hkehe 3.3761 1.42036
4,2446 .0020 1.41858 3,1548 1.32728
k.2h39 .C015 1.41835 3.1544 1.32711
3.8976 L7566 1.30261  2.94L3 1.23871
3.8q72 L7564 1.%0249 2.9441 1.23862
3.57h0 5277 1.194k46 2.7448 1.15475
3.5738 .5276  1.1g944 2. 7447 1.15471
3.2726 k6 1.09372 2.5556 1.07524
3.2725 L3145  1.093TL 2.5557 1.07523

MMI\)!\?I\)I\)U\NU

.11623 1.00000 . 2.376972  1.00000 N
.9319  9.12509°1 2.2079 9.28873"
9319 9.12899 2.2078 9.28865
L7609 8.3208%  2.0L482 8.61699
.7608 8.32046  2.0481 8.61668
.6023  7.57170  1.8975 7.98321
6022 7.57092  1.897h 7.98254

45567 6.878%07% 1.755672  7.385867%
.u557  6.87702 . 1.58&7&
.3200 6.23738 . 6.82345
.3196  6.23552 . 6.82180
J1GU8  5.6458h . 6.29453
JA0i3  5.64339 . 6.292%2
0794  5.10069 . 5.79768
.0788 5.09762 . 5.79485

1.01325° 2.9921%
9.2501¢ 2.7315
9.2500  2.7315
8.4311  2.4897
8.4307 2.1896
7.6720  2.2656
T.6712 2.2653

6.96942  2.05807"
6.9681 2.0577
6.3200 1.8663
6.3181 1.8657
5.7207  1.6893
5.7182 1.6886
5.1633 1.5262
5.1652 1.5253

4.66002 1.37611 9.73272 h.5090971 1. 5.33151
4.6563 1.3750 . T249 y.s9gho . 5.32805
k.19%1 1.2382 .T576  L.13831 . 1. 89468
14,1888 1.2370 . 4.13402 . 4,89057
3.7650 1.1118 . 3.7157h . L .48586
3.7601 1.1103 . 3,71089 . : 4. k8112
5.37%0  9.9605° 7. 3.32890 9. 4.10379
3.3%76  9.9h4%  T7.0333  3.32353 . }.09843

HFREHERRPRE HHERHEREED

l:

IO TS . W TEy
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ST

ENGLISH T%BLE II CONTINUED

PRESSURE H DENSITY

2
1nf . I 1bfsec
P,in Hg |P» P/P, L p=m | P/

£t° "o

" 8.9028°  5.29662 © 2.975u1") 8.9068°*  3.7472071
8.88s4 6.2843  2,96958 8.8927 3, 74126
7.9382 5.614%4 2.65303 8.1169 5.41490
7.9196 5.6012  2.64680 8.1015 3.408L0
7.0602  L4.993%  2.35960  7.3820 3.10569
7.04006  L4.9795  2.35%03  7.3653 3.05859
6.6832 ly, 7268 2.23359 7.0611 2.97069
6.2653  L.h312 2.093%92 6.6196 2.7849%
6.2450 4L.4169  2.08716 6.5982 2.77594

5.558° 3.9312%8 1.85767°1 5.8727°%  2.47072"
5.5380 3.9168  1.85085 5.8511 2.46165
k.9z1} 3.4878 1.64813 5.2103 2.19203
%.9110 3.4733 1.641% 5.1887 2.18204
k.3753 5.09h45 1.46226 k.6227 1.94483
4.35h9 3.0801  1.45547 4.6012 1.93579
3.8820 2,7456 1.297%9 k.1015 1.72555
3.8619 2.731%  1.29068 4.0803 1.71662

1

5400 243612 1.5115"1 3.6301-F  1.5m04-1
3.4286 2.k221 1.14455 3.6185 1.52006
3.0562  2.1615 1.02141 3.2290 1.358k9
3.0369 2.1479 1.01k96 3.2086 1.34991
2,7119 1.9180 9.06327°2 2.8652 1.20542
2.6931  1.00%7 9.00048 2.8453 1.19707
2.ko6k 1.7019 8.0k231 2,512 1.06911
2.3882 1.6890 7.981%4 2.5232 1.06154

2.1356°  1.5103% 7.1365872 2.2561°% g.4g17272
2.1178 1.%978 7.07778 2.2375 9.41352
1.328k  9.3672%  L.L42637  1.3993 5.88712
1.3056 1 9.2623 4.37684 1.3837 5.8212%4
8.2183"% 5.8125 2.74666  8.68317°  3.65%08
8.0985 5.7278 2,70659 8.5564 3.59980
7.3488 5.1975 2.45605 7. 7644 3.2665T
5.1312* 3.6291 1.71492 5.2531 2,21004
5.0%97 3.564%  1.68434 5.1513 2.16721

3.265071 2.3085% 1.00087°2 3.211475  1.35107°2
3.1951 2.2598 1.06784 3.1377 1.32007
2.1133  1.hgh7  7.06294~3 2,001k 8.142003~3
2.0615 1.4580  6.88969  1.9480 8.19559

135
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ENGLISH TABLE II CONTINUED

ALTITUDE PRESSURE " DENSITY

bf 1 2
Rl |y ‘"pbfi b /P,

2,ft | H, £t ¥ B,ob P
> ; »in Hg |72 3 PN

ieagggg 1;(9)3;03 .71010 i gggg'l g.?g72° ll:.sheus'3 1.26977°  5.34178°3
120000 4. 3518 9.5611 51799 1.2310 .
izgg?g i%égg . 9.2043°2 £.5735  3.10626 8.139&'6 ;ﬂ?ﬁg
Tiooes Too0ce . 8.9995 6.3656 3.00773 7.9072 3.32668
Li%00 11;338 . 6.2992  L.hs52  2.10527 5360 2.25672
00 2. 6.0759 L.2972 2.0%062 5.157% 2.16980

150000 148929 1. 432612 3.0597% 1.4458073 -6

. . 4458272 35640 . -3
g;tg% 328?00 . 13.15§1 2.9395 1.38¢c02 2.5122 ii’g???
16000 15670 1. o Baa Lo Epo iin

0 . . 1.00k01 , 2.k

i%gég 1gggog 2.8725  2.0315  9.59953-4 2.322% 31?32;?-'*
e i 2 2.0904  1.L78L  5.98625 1.6929 7.12218
1raog 1*7(99882 1.9872  1.kosk  6.6u4128 1.6093 6.77051
190000 103hes . 1.2180  5.75573  1.3947 5.8677%
181567 1tone b 1.027k - h.85h95  1.1995 5.04652
190000 188285 . 3 ?,'Sﬁé‘g ‘;229%3 é'lggh-'( “'29557
191747 190000 9. 6.5666  3.1124% 3239093 ?uéi?g

ggggg éggégg . L.751871 2.2h543% 6.0585°7  2.5u879-k
gty o0 . 4.3953 2.07722 5.6545 2,37891
o) 20790T . 3.1493 1.48816 k,2082 1.77043
St 100 b 2.8769 1.35944 3.8841 1.63408
220000 21770k . 2.0k52  9.66460"5 2.8710 1.20785
So00y apo0%0 . 1.8426 8.70705 2.6175 1.10121
230000 27:)0(9)0 . 1.299%  6.1%03%F  1.9210 8.08180~>
21“3000 2%72 0 . 1.1525_2 S.hks519 1.7270 7.26582
e s S To e w1
. . . 1.11 .
249001 246063 . 5.121 2.4200 8.!+20398 '5535152

ggggoo gh7o39 . ) 18642 2.298575 7.996°8  3.3541-5
géo 33 250000 1. . 4,158 1.9650 6.837 2,876k
¢ ogo 256799 1. . 2.902 . 4,772 "'oé
263262 260000 1. 2150 ) %028 1.6908
7 0 2665hk9 8,29 . 1.733 . 2.849 1'1986
Sgggo é. gzoooos 0 6. . 1400 6.8219 2.37h 9.9857-6
Y eéo 29 . . 1.035 4.8909 1.702 T7.1592
2810 28 000 L. . . 8.5062 14,0195 1.399 5.8837
ggkogo 286023 2.96 . 6.185 2.9229 1.017 4, 2784
220512 290202 . . 5.012 2.%683 8.24079  3,4667
Q 29527 . . 3.791 1.7916 6.234 2.6225°

B T P Y

R IFY S
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ENGLISH TABLE IT CONTINUED

ALTITUDE o
PRESSURE DENSITY

2

1br 1bf
Z,fv | H,ft' § P,mb | P P, p,2tsec
) > »in Hg [ T2 P/P, P P/e,.

200000 295746 1.770°3 5.20075  3,698~3 -6

. 69873 1.74 6.065-9 -6
gggggg 200000 1.8 L.188  2.962 1Zogg h.%?g igg}/;
Jothe 220013 S5.3177% 1570 110, 5.2heT  1.610  6.7750~T
s D D Sine DM bR, od

00 . -3937°  3.814  1.8024 4,957-10

355974 350000 1.439 _ .28 3.00 IRY: ‘Boa 2.0853
375000 368376 6.987° 2.063 1.4 ; J6“8199-8 3010 1.60%0 -8
381866 375000 5.h53  1.610 1.1?8 5I3§f§ i:;ég Z:?S’;’;’

4ooowo 292473 2.91975 8 6197  6.096- [ . .
2 . . T .096 5 2,880 8 . =31 . -8

)ligi(sﬁe k00000 2.257  6.664 4713 2.2273 Eg% gg%g{

hesgog i‘ié?fg i‘;i,t ;"ggg 3-032 1.4320 3.038 1.2781

L338K1 425000 1.007 . 3.003  miiak 1 oee 2672 1adko

450000 Lhokos 6.6616 1.967 ooy £°00% 1.919  8.0726™9
- : 391 6.57h0°9 1.

e 300%0 3.2 155 1-9% 6 si933  Bagy2 b i
. ; ‘9066 3.79:8 .

MBEOTL 475000 3.0%  B.9k6"8  4.3mn 25500 bt 16

500000 1488293 2.334~6 6.8928 1 875-6 -

. 8757° 2.3034"9  2,862-12 -
na g eoe on L RN D SO
051 3. .1 1.0 .

56&;39? 550000 8.56077 2.528 1.723 8.h2£73i“1° '113251)‘15 .
590h01  SThILT 6.18¢ 1.828 1.293 6.1085 5:11+7 2?222

600000 583221 5.516"7 1.629"8 1.150-6
. . .152 L443-30 ) 1469-13 -
g;gggg gggggﬁ ‘;'1’23 ;'3?59 2.366’7 ﬁ.uesg ’;‘;%? i'fg;?; 0
) .266~ .553  3.096 . 7820711
670910 650000 2,518 7.435 5.259 ehgh; 32.'?25 ?{;’gf?

700000 677268 1.879~7T 5.550°9  3.925-7 -1

.5 92571 1.8548-10 3 o77-13 5 z7g7-11
%ggéé ;gozggg iilu;g l; ﬁ% 2.io9 1.4690 9.7;{6'3-1l+ Eggg;
000 3 ) . dss 1 .
777977 750000 9.187-8 2.713 1.919 9.022?‘11 Z?Z? 2;211;;

800000 770M46 7.6248 2.251°9 1 .500-7 -

. . 59271 7.5340-11 ) yuz-llh 4, ~11
con gow e nmy EIEET L 1o

. .507 1. .0 2.
866115 850000 3.885  1.1k47 8.1148 3 830 2.;){13 %.'ig??-la

900000 862768 3.511“8 1 037'9 7 552-8 ) -
. . 5.h646-11 .79L~14 .12
Sons0 500000 27 IO 5500 2léong VB koo
- . 5.166  2.1410 )
995539 95000 183k 515 381 1.8098  B.39r-15 3am

137
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ENGLISH TABLE I CONTINUED

1ot P lbfsec p/p
2,6t | H,ft' P,mb | P,in Hg P»;:r P/?, J ok /P

- el -15 5, -12
1000000  95k2u5 1.780°8  5.256™0 3.717 8 1..365 11 8.222 glgggg
1050364 1000000 1.302 3,845 2.720 1.2852 5 2.%53
1100000 1044889 9.732"9 2.874 2.033 9.6045 2299 .o
1161249 1100000 6.93% 2.048 1.448 6.8436 2. lgo 8:9162“—5
1200000 1134710 5.655 1.670 1.181_9 5.5814 1.582 o
1275262 1200000 3.925 1.159 8.197 3.8733 1.191 A
1700000 1223721 3.455 1.020 .. 7.217 3,4102 006 2%y
130AL21 1300000 2.3%6 6.897" 4.878 2.3050 7.(5)20 5:9576
1400000 1511032 2.202 6.502 %.598 2.17%0 1.

- -16 -13

1500000 1399354 145479 h.29371t 3,037 1.h3hg 12 tgﬁ iigi%
1500743 1400000 1.450 4.281 3,028 1.4%0 s b3 18138
1200500 1485997 9.899710 2.921 2,068 9.7699 2.';73 .
1616246 1500000 9.324 2.754 1.9%7 g.goas 1'816

1700000 1571872 6.922 2.0lsh 1.1446 6. 3113 1018

ipely boooce 6285 2P 15 SEné i

iggglé?g is.ggozag 2:21& 1.2hh 8.802"10 L.1501 1.016

PR

J e e— e
Vam e e e e
{

I P

.

[ERTIARTANTHATPRERE.. TS

2 L e Ly il Gy (i L i
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ENCLISH TARLR TTY

SO'UND §PEED, VISCCSITY, AND KINEMATIC VISCOSITY AS
FUNCTIONS OF GEQMETRIC AND GEOPOTENTIAL ATMTT(DE

[ !
ALTITUDE " SOUND SPEED " VISCOSITY " KINEMATIC VISCOSITY

£te sec

1 ol 2
Z,ft | H,ft Cs/Cga || n,20f seC whey f| n.ES /1,

07828 1.11627% 70987271
.07822  1.116h4 < 710040
L0658  1.1792 .Th5997
L0654k 1.1794 .750122
.05258 1.2hké9 193057
.05256  1.2471 -793123
.03959  1.3196 .839253
03958  1.3197 -839305
.0265 1.2977 .888933

-15000  -15011 .6 1.05034% L4.02987
-14989 -15000 .6 1.05020 L4.0296
~12500 ~12508 .5 1.0k211  3.982¢
-12k93 -12500 1.0k209  3.9819
-10C00 -10005 .2 1.03382 3.95:8
-9995.2 -1C000 1.0338L  3.9337
-7500 -7502.7 .9 1.02547  3.8853
-7497.3 <7500 .9 1.02546 3.8852
-zggg 8 -gggé.z 1.01702 3.8363
- . - 1.0170 3.8363 .0264 1. . 5
-§5oo -2500.3 1126.0 1.00856 3.7870 .01538 1.5%1% .332353
-2kg9,7  -2500 1126.0 1.00856 3.7870 1.01330 1.4818 .9k2Lh03

FH R

0 o} 116.4 1.00000 3.7373°7  1.00000 1.5723'h 1.00000°
2500 5399.7 1106.8 991370 3.6872 .986591 1.6700  1.0621k
2500.3 2500 1106.8 .99135¢ 3.6872 .986589 1.6700 1.06215
5000 %998.8 1097.1 .5B2666 3.6367 -972073 11,7756 1.12025
5901.2 5000 1097.1  .982661 3.6366 .973066 1.7756 1.12928
7500 7497.3 1087.3 .973886 3.5857 -9594435  1.8897  1.20183
7502.7 7500 1087.3 .973876 3.5857 .559%28 1.8898 1.20191

10000 9995.2 1077.h  .965028 3.55hh'7 .945700 2.0132‘h 1.28042°0
10005 10000 1077.4  .965011 3.5343 .945673 2.0135 1.28058
12500 12492 1067.%  .956091 3.4826 .931840 2.1472 1. 36564
12508 12500 1067.%  .956064 3.482h4 .931798 2.1477 1.36551
12000 15989 1057.%  .9hk70T7L 3.4303 .917861 2.2028 1.45819
15011 1;900 1057.3  .947032 3.4301 .917801 2.2934 1.4ks861
1Z§00 }7485 1047.2  .937967 3.3776 .903762 2.4510 1.55883
17515 17500 1047.1  .937913 3.3773 903675  2.4520 1.55945

20000 19981  1036.9 .928776 3.324577  .889539 2.6234* 1.6684E0
20019 20000 1036.8  .928705 3.3241 .88942q 2.6247 1.669%3
22500 22476 1026.6  .919495 3.2708 .875190 2.8114 1.78804
2252i 2?500 1026.5 .919405 3.2703 875050 2.8133  1.78926
25000 24970 1016.1  .91C122 3.2167 .860712 3.01€69 1.01872
25030 25000 1016.0 .910009 3.2161 .860537 3.0194 1.92036
27500 27§6h 1005.5  .900654 3,1621 .8u6102 3.2418 2.06176
27536 27500 1005.%  .000515 3.1613 .845889 3.2452 2.06393
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ENGLISH TABLE III CONTINUED

ALTITUDE SJ.N2 SPEED " VISCOSITY " KINEMATIC VISCOSITY

ft 1bf sec rt?
Z’ £t H’ft ' s,a CS/CSO , ]J,,"—'—é p'/u'o ﬂ:a Tl/no

It

30000 29957 994.85 .891087 3.1070~T .831358 3.4884"* 5.218610
;ooya 30000 99k.66 .890921 3.1061 .831102 3.4929 2.22145
32500  32hkg  98k.05 .881k19 3.0514 LBL6LTT  3.7593  2.39093
32551 32500 983.85 .881221 3.0503 LO1017T5 3.7651 2.39459
350C0  3hyhl  973.1h 871646 2.9952 801455 4.0576 2.56060
35059 35000 972.89 .87k 2.9940 .801100 4.06L49 2.58529
36152 36089 968.08 .867107 2.9692 <T9Mu86 L.2051  2.67hid
37500 37433 968.08 .867107 2.9692 .To4k86 L4.48s55 2.85280
37568 37500 968.08 .867107 2.9692 .TOUL86  4.5001 2.86204

koooo 29923 968.08 .867107 2.9602°7 .70LLAG s5.05607*
Loo77T  L4OCOOD  968.08 .867107 2.9692 .TO4486 5.0746
k2500 Lehih  948.08 .867107 2.9692 .To4486 5.6988
L2587 hasoo 96B8.08 .867107 2.9692 .TO4486 5.7225
45000 4k903 968.08 .867107 2.9692 .79L486 6.4232
k5097 45000 968.08 .8567107 2.9692 .T94486 6.4532
k7500 47302  968.08 .867107 2.9692 794486 T7.2%04
47608 47500 968.08 .867107 2.9692 .T94486  T7.27T1

50000 %08f0  983.08 .867i07 2.56527T  .70Lh86 8.1592°¢
50120 50000 .867107 2. 794486  8.2062
52500 52368 . 867107 2. .T7oLl86 9.1955
52632 52500 . .867107 2. .T94486 9.2539
55000 54855 .08 857107 2.5692 J794486 1.0363"3
55145 55000 . 867107 2.6 LT94486 1.0k35
57500 57342 . .867107 2.0692 .TO4k86 1.168L4
57659 57500 968. .BATI07  2.9692 .TOu4B86 1.1768

60000 59828 .08 .867107 2.9692" T 794486 1.3261°3
60173 600CO . 867107 2.9692 .73&&86 1.2270
70000 69756 . :867107 2.9692 .TOkk86 2.1219
70236 70000 . 867107 2.9692 .TouL86  2.1459
80000  T969L . 867107 2.9692 .T54u86  3.4196
8038 60000 . 857107 2.96G2 .T94486 3.4702
82345 82021  968. 867107 2.9592 .7o4k86 3.8242
Q000C 8a613  qBa. -080880 3. oLAL .815663 05.8030
90390 90000 . .881586 3.0524 .816734 5.9255

100000 99523 .2 .So8s61 3.150177  .842875 9.8091"3
150482 100000 1 .899403 3.1549 .8l Th i.oogs'a
110000 109423 .5 .915875 3.2hgg .869596 1.62%%
110583 110000 .6 .01687h 3.2557 .8mlko 1.6713

detadc

flailbad diden e
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P DU SIS I
M .

EISLISH TABLE III SONTINUED

ALTITOZ

—~ ———

" SOUND SFIZIC

S1TY

'ovrssos

uKINEMATIC VISCOSITY

2,1t

z,000 | >
‘ i

Fz
R

§¢2

S o

Q.
rta

Py

L o028 I Ll/,.lo

o2

n" foladnd 1".'10

120099
LB
127,000
L4715
1LCu0D
140946

150000
151067
155348
160000
161237
170000
111397
175346
180000
181567
190000
191747

200000
201937
210000
210136
220000
220345
230000
232565
240000
2h2794
249001

250000
253033
260000
263282
270000
273541

119313
125900
129195
17,000
135066
140000

148929
150000
154199
158782
160000
168626
170000
173885
178460
180000
188285
190000

198100
200000
207907
210000
21770k
220000
227491
230000
237270
240000
246063

247039
250000
256799
260000
266549
270000
276291
280000
286023
290000

- T —

ookl
1ot2,
1069,
1001,

P ol W}

[SAV] O OV

922.8
922.8
922.8
922.8
gz2.8
922.8

3u8o7T
.3548
ER AN

Bossyl
897650
021638
. .923722

.9L69Y6 .

.949373

.971932
.9TH61LT
.985101
.985101
.985101
.985101
.985101
.985101
.970232
.965196
.9376828
.932102

.904 748
.858205
.871062
.E63768
.836634
.828453
.801463
.792%18
. 765510
.755320
.73245

.732L5
73245
. 73245
.T32h5
.73245
73245
13245
73245
.732ks
.T32h5
13245

2.636972 1,67 0u+2
7253 1.°{5330
: 2.67595
271611
L1963k
L. 37539

6.u8164"2
6.75916
iz
621 %
1.00661+3
1.38315
1.454959
1.67885
1.92258
2.01352
2.59533
2.73850

3.5u971"
3.77613
4,92007
5.28597
6.92666
b
9.9
1.09047"%
1.4464%
1.61310
2.0677

>

2.1772"%
2,5L6k4
3.6L85
4.3218
6.1;&1
T.3349
1.0231+2
1.2h9
1.7120
2.1128
2.929
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APPERDIX A
CQPARISON GF PROAINENT AEROMAUTICAL STANDARD ATHOSPHERES

.

Constants Erployed

Tounssint Warfield
Dimensions ?23;3: ve l]f;’.r
= 760 760

=d 1015.25 |1013.25 1013.250

xz n™> 1.2255 | 1.225% 1.2250

3 352,945 353.000
n

*X kg 2.8708% 2.8704

X kg
°c ) 15.

273.16
28.966

340,43

1.401119
120

_is__lﬁ 1.188,82 | 1.496,26
sec m (°X)

x 1072 x 1079

n 6,367,623 6,356,766

8ea Level Atmospheric Composition, Major Constituents by Per

0.0 0.0
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APPENDIX A CONTINUED

CQMPARISCY OF PROMINENT AERCHAUTICAL STANDARD ATHOSPHERES

%

m

Temperaturc-Altitude Profiles

ICAO
- Minzoer
aint Gregsg ICAN Diehl |Werfield 1952
T°§3§9 1922 1924 1925 19L7 U.S. end 1956
France U.S. Internat. U.S. U.5. u.S.

i w
0 5 : 15

2
=11

B JURpp——1 T

-2k

-37
10 50 -50

10.769,23
1

20
25
32
W7
50
55
60
15
78
83
0
120

e R

]
i
!
1
i
]
i
1
H
]

\IJI—'
.
0

|

e o—f-

+
\»
)
w

5

-
[v.]

300
500

Footnotes: "ty is 10 °C -1 " '% < My
t is in °C -1 a' is in °C ku' .
a is in °C ka 1Ly is 1o °C ku'"2 Below 90 im', Yy = ¢t

IRV SR  O* S

t oW

Mlewans 1 ittormn o At B2 er
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AFPENDIX B
Constants
Defined Tndependent Physical Constants Adopted as Being Exact

mks absolute units cgo units

8, = 9.806,65 m sec™t 980.665 cm sec™t

M 28.966 (dimensionless) 28.966 (dimensionless)

(2]

6.023,80 x 1026 (dimensionlesc) 6.023,80 x°1022 (dimensionless)
(for a kg-mol) (for a gm-mol)

= 1.013,250 x 10° nt m = 1.013,250 x 10% dynes cm2
or 0.76 m of mercury or 76.0 cm of mercury

= 8.334,39 x 107 joules (°k)™ kg™l  8.31k,39 x 107 ergs (°K)"! gu!
= 6.356,766 x 10° m 6.356,766 x 100 cm
= 110.4°K ' 110.%°K
273.16°K 273.16°K
15°C 15°C
1.458 x 1076 kg sec™t w( °x)'% 1.458 x 1070 gm sec”! em™*(°K)"2
[or poise (°K)" .

1.4 (dimensionless) 1.k (dimensionless)

3.65 x 10710 3.65 x 1078 cm

English Units
ti = 32°F

Numerical Constants {not exact)

Logyg e = .13k,294,481,9

% = 3.141,592,654
V2 = 1.41k4,213,562
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APPENDIX C

Conversions

Defined and Derived Convercsion Factors
for
Transformation of Units and Scales

Metric to English Convercions and Vice Versa

a. Defined relations
1 foot 0.204,8 meter (exect)
1 international nautical mile 1,852 meters (exact)
1 pound 0.453,592,3 kilogram (exact)

Derived relations

1 meter = 3.280,8%9,895,013 feet )

1 meter 5.399, 568,034,557 x 10~ %nterne.;:iona.l nautical miles
inmi

1 kilogrem 2.20k,622,962,070 pounds

1(inmni) 6,076,115,48 feet

1 foot 1.645,788,33 x 10°% (1 n mi)

Conversion

1=0.504,8m 8"
1,852 m (1L n mi)

1
1 = .hs3,592,3 kg w71
1

vl
/

1,852. "
_"’1?'8.30 - ft (i nm

Geometric Altitude to Geopotential Altitude

a. Defined relations

1 stunderd gecpotential meter = 9.806,65 Jjoules kg'l (exact);

geopotential altituie, H(m') = _(}}_ f g a2

where G =

9.806,65 joules kg™t
ln'

(exact)

2 -1

ml

vt fas b o

= 9.806,65 n® sec”

PR PR TR VIS TR L

e th

D a— . -
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Derived rslations
1 standard geapotential foot' = 0 %0k,8 standard gevpotentisl meter

(exact)

1 standard geopotentisl meter = 3 280 ,829,895,013 standard geopoten-
tial feet

Conversion factors
1=0348n' rt'-1

3 Temperature Unit and Scale Conversions ,"
®

a Defined relations

t(*c) = T(°K) - T4(°K)
vhere T,(°K) = 273.16°k
T(*R) = 1 8 T(°*K)
t(°F) - t4(*F) = T(°R) - 74(*R)
vhere t,(°F) = 32(°F)

Derived relastions

t,(*°c) = 0%

T,(°R) = 491.688°R

I:K 1.8°R (in wagnitude)

loc 1°K (in magnitude)

1 F;‘ t‘R (1in magnitude)

t(°c) = [®(*°R) - T4(°R)]/1.8

t0*) = [e(°F) - ty(°F)i/1.8

T(*R) = 1.8fx(°C) + 273.16(°C

T(°R) = it( FY - t4(°F)] «+ 1;93.688'3
t(*F) - 32°F = 1 8 t(°C)

t(°F) - 32°F =1 @ [10°)) - 273 16(*k)]

Conversion factors
1=1.8%R(°) 1

4. Absolute Syptems to Absolute Force. Gravitational Systenms

& Defined relations
1 xilagrem (force), kaf = 9.806,65 m sec™2 x 1 kilogram (mass), kg.

1 meund (force) 1brf = .9_%%_62 ft sec @ x1 pound (mass), 1b

® 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6
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Derived reletions

1 kgf sec® m™t = 9.806,65 x 1 kg

- 2 o.-1 _ 9.806,65
1 slug = 1 1bf sec? ft —2.-5—05:-5—x11b
1 1bf = .453,592,3 kgt

Conversion factors

1 = 9.806,65 m sec™? kg kgt™L

.806,65 -2 -1
1ls= LEIT ft sec 1b 1bf
« 304, .

1 = .1453,592,3 kgt 1bf™t

§ VKIS DDA Wil Hi 7l 198 & dboacgidd Uincscl wsni o cvme e 0.7 1ed
A P
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APPENDIX D

Assumptions

(5

(Ty) ,= 288.16°K

Ty = (O + Iy (B - B)

where LH is given by the following table

Ly in *K m'"2 Altitude Layer in m'

~0.0065 exact -5,000. to 0.
-0.0065 exact 0. to 11,000.
0.0 exact 11,000. to 25,000.
+0.0030 exact 25,000. to 47,000.
0.0 exact 47,000. to 53,000.
-0.00%9 exact 53,000. to 75,000.
0.0 exact 75,000. to 90,000.
+0.0035 exact ©0,000. to 126,000.
+0.0100 exact 126,000. to 175,000,
4+0.0058 exact 175,000, to 500,000..
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¥ = ( BR*T)l/a

M

o =p g, (not p gyl

< <
For -5,000. m' = H =+ 90,C00. m'

M = 28.966 (exact)

<
For 90,000, m' = H 175,000. o'

M = 23.160,126,7 H - 1,757,856.047
H - 78,726.255

< _<
For 175,000. m' = H = 500,000. m'

M = 13:139,119,0 H + 514 k92,021
B H - 56,969.889
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© APPENDIX E

Sea-level Values of the Atmospheric Properties in Metric Units

mks units cgs units
340.292,046 m sec™t 24,029.204,5 cm sec™l

9.806,65 @ sec™? 980.665 cm sec™2
8.434,413,43 x 10° m 8.434,413,43 x 10° cm
6.631,722,29 x 108 m 6.631,722,29 x 1076 cm
28.966 (dimensionless, exact) 28.966 (dimensionless, exact)
28.966 kg (exact) 28.066 gm (ex=ct)
2.547,552,07 x 1022 m™> 2.547,552,07 x 1019 em™>
101,325 nt m™2 1,013,250, dynes cm™2

.76 m Hg .76 cm Hg

10,532.274,5 kgf m >

288.16°K 288.16°K
288.16°K (exact) 288.16°K (exact)
458.942,035 m sec™t 45,894.203,5 cm sec™l

23.645,4l,1 m? for a kg-mol 23,645.444,1 cm’ for & gm-mol

1.460,741,29 x 1072 n® sec™t 1.460,741,29 x 10°1 cm? sec™l

1.789,428,53 x 1072 kg m~t sec™t  1.789,428,53 x 1074 gm cm™l sec™t

1.824,709,28 x 1070 kgt sec m™2
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Sea-Level Values of the Atmospheric Properties in Metric Units

mks units cgs units
6.970,10L,80 x 109 sac~l 6.520,40%,05 x 10° sec™t

1.225,013,99 kg m™> 1.225,01%,99 x 10™2 gn cm™>
%

.124,916,663 kgt sec® m”
12.013,283.5 kg m"2 sec™2 1.201,328,35 gm cm™2 sec™2

1.225,014,00 kgf m™>

Ice-Poirt Velues cf Scme Atmospheric Properties

mks units cgs units
2.687,445,47 x 1025 g3 2.687,445,47 x 1019 cn-3

22,41k, 504,14 n’ for a kg-mol 22,414.596,4 em’ for a gm-mol.

1.292,283,037 kg m™> 1.292,283,037 x 10™3 gn cm™>
(-]
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APPENDIX F

Sea-Level Values of the Atmosvheric Properties in English Units

(Cg)g 1.116,443,72 x 102 £t sec™t
€6 32.174,048,5 £t sec=2

2.767,196,00 x J.ol+

£t
2.175,761,91 x 1077 £t
28.966

28.966 1bs

7.213,864,1 % 1022 ££=3
68,087.267 1b £t~ sec™2
29.921,259,8 in Ig
2,116.216,95 1bf £t~2
518.688°R

518.688°R

1.505,715,34 x 10° £t sec™*

83.503,098 £t

-h fta sec™t

1.572,328,83 x 10
1.202,440,6k x 1075 1b £t°1 gec™t
3.737,299,76 x 10~ 1bf sec £t~2
6.920,404,9 x 109 sec™!
.076,475,137 1b £t~
2.376,919,99 x 1070 1bf sac? £t4
2.460,514,77 1b £t™2 sec™

7.647,513,7 x 1072 1bf £t~
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© APPENDIX K

Comparison of the Magnitudes of Camparable Units in the Metric
Absolute cgs end mks Systems of Mechenical Measure

lm=102gm
1 kg = 107 gn
time 1 sec = 1 sec

force 1 nt = 10° dynes

area 1 m2 = lOl+ cma

6

volume 1 m5 = 10 cm3

2 1

speed (sound)

acceleration

energy (work)
geopotential

pressure
density
specific weight

number density

collision frequency

®
coefficient of viscosity

kinematic viscosity

1 m sec™t = 10° cm sec”

2

1m sec™? = 10 2

cm sec”

1 nt m = 107 dynes cm
1 joule = 107 ergs

1 joule kg™t = 10% ergs gn”
1 m2 sec™2 = 10 em® sec2

2

1

1nt ne = 10t dynes cm~
1xg > =10"3 gn ca™
1 kg o2 sec™2 = 1071 gn cm~2 sec™?
1md = 10"6 em™>

1 sec™! = 1 sec™t

1 newton sec m™2 = 10} dynes sec em™2

1 kg o~} sec™l =10 gn em™1 sec~l = 10 poise

1 m? gec™l = ZLOk om® sec™t

Pressure in Terms of the Bar or Millibar (mb)

1 bar

Declassified in Part - Sanitized Copy Approved for Release

107 millibars (mb) = 10° nt @2 = 105 aynes cm
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APPENDIX L

Atmospheric Density Expressed as & Single Function ot Alvitude

At a recent Ad Hoc Conference on Units and Constants for Setellite
Orbit Computations, this MODEL was adopted as a basis for initial calcu-
lations of IGY setellitc orbits. Dr. Jacchial3vho had received a prepub-
lication copy of the MODEL, prepared and presented the following equations
as closely representing the atmospheric density of this MODEL above 100 km
altitude.

21>
log) P = -10.919 - 0.00k4B3Z + 7.301e"0-006858 5.h00e'°'8['15] (1)

i
log),p = ~11.019 - 0.00MBIH + 7. 300e"0+006TH 3.700e'°°87[ﬁ] (2)

where p 1s the atmospheric density in kg/mB, 2 is the geometric height
above sea level in km, and H is the geopotential height in geopotential km.
A compariscn of densities computed from these equations with densities
from the ARDC Model are tabulated on the next page.

Yoo —
- -

S WY ISCORE- - RNPPROrPaPeY ARt

.
a

W periinm s ey
’

Vwraidatintusetis

“: 7
H
‘
)
—
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/

/

Reeiduals Aloglop (ARDC Model Atmosphere densjties minus interpolating
formula) ere given in the following tabley

2 log,, P A 1og,q P ; B log, P Alegynp
(1) (ke/n”) [(£rom (1] (i) (kg/x’)  [(trom (2]

0 +0.088 +.286 0 +0.088 +.107
25 . +,126 5 -1.398 -.184
50 . -.096 50 -2, -.267
75 +.1%5 5 4,363 +.037

100 +.002 100 -6.258 ~-.043
+.027 125 =T.75i4 +.0451
-.006 150 -8.871 +.001
-.012 175 -9.576 -.010
-.001 200 -10.068 -.001

-.006 250 -10.859 -.005
-.002 300 -11.48L .000
.000 350 -12.001 +.002
+,001 oo -12.442 +.001
+,003 450 -12.826 -.001
.000 500 -13.166 .000

Little effort was made to secure a good fit for heights smaller than
100 km.
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APPENDIX M

Effective Radius of the Earth

these limitations.

given as

9g g

The inverse square law for expressing the acceleration of gravity was

LY

&= (;‘#LZ) . (M-1)

The partiel derivative of g with respect to Z is

The limitations of the inverse square law for determi ning the acceler-
ation of gravity were discussed in Section 2.1 of, this paper.
effective earth's radius was introduced as a means of offsetting some of

A value of

2

(-rg)

9z =

o =

This partial derivative evaluated at Z
g_&
Z

Thus, if the actual sea-level value of

2=0

radius at that latitude.
23

Harrison-
function of latitude o,

- 98
0z

g tagge apm

+ 2

= 0 becomes

4

(08/32) for the particular latitude are i

of r¢ consistent with these realistic quantities is the effective earth's

ntroduced into Eq. (M-3), the value

Presented the following expression for (0g/02)
without indicating its derivation.*

= 3.085,462 x 10°0 + 2.27 x 10"9 cos 2 #

-2x10712 cog i g.

(r¢ + 2)2 |

(M-3)

and the actual sea-level value of

Z=oasa

series expression for
in Appendix 0.

'!-"'ﬂ"ﬂ“?"“‘"m'“w L g LIV

NTER TR AT
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6,38
* This equation appears to be related to Lambert'53 238
g ir terms of @ and z,

alternating power
whkich equation is discussed
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Using this expression, the effective earth's redius 'i"¢ at latitude ¢ is

£ ' ' 28

g 3.085,462 x 1076 + 2.27 x 1073 cos 2 g -2x 10712 cos 4 ¢

For § = 45° 32' ko",
1

- e — 3 iy —— L S, Nt M i & e e

&g = 8, = 9.806,65 m sec”

?¢ =r = 6,356,766 m .

w— g et b m— et pm———y— —————— -
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APPENDIX N

Acceleration of Gravity

1. Background

The inverse squere law employed in this MODEL for the computation of the
acceleration of gravity has becn adjusted at sea level to account for the
effective sea level value and the vertical gredient of g ut that point, by
means of un effective earth's radius (see Appendix M). This correction ac-
counts for the centrifugal acceleration vhich a bcdy experiences at sea lev-
el, by virtue of the earth's rotetion, but it does not account for the fact
that this centrifugal acceleration increases rather than decreases with al-
titude. ince the centrifugel acceleration is opposite in direction to the
gravitational acceleration, the net or effective velus of g falls off more
repidly witn altitude than even the adjusted inverse square law predicts.
Because the actusl earth's radius and the centrifugsl acceleration both de-
pend upon latitude, any general expression for a resultant or effective ac-
celeration rmust be a function of both altitude Z ard latitude ¢.

Ls.mbertja developed such & general expression® for g in the form of

g=2¢ - (ap + bp cos 28)z + (e3 + bz cos 2¢)22

- (2 + b, cos 2¢)Z3 + (a.5 + bg cos 2¢)?.’+

+ aee

the acceleration of gravity inm sec'a,

geometric altitude in m,
latitude in degrees
= gg, sea level value of g et latitude @,

= 3.085,k462 x 1076 by = 2.27 X 10~9
= 7.25% x 10713 by = 1.0 x 10715
=1.517 x 1079 b, = 6 x 10722

2,97 ¥ 1072 b5 = 2 X 10728

#* The fifth term (in z") has not been published, “ut was provided by
Col. C. Spohn, of Air Weather Service USAF, who probably obtained it
from Lembert or Harrison.

N7 Y I TOR P

JORTTROI W S P

NV oasMiate

-
=
;-

M LTSI
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W 5
gl st

For ine case.when p = L5* 32' bo", as in this MODEL, chosen to agree
with g, = 9.806,65 m rec™2,

cos 2§ = cos 91° 5' 20" = - sin 1* 5' 20" = - .019,003,7. (N-2)

For this valuc ot @, Eq. (N-1) becomes

g=cy - cpZ + c3Z2 - cx}z3 + c5zl* - ce (N-3)

9.806,65 (exact) m sec”

.358, 541,85 x 1077

.007,253,g83 * 10720

.000,151,6g4 1015 g2
= .000,002,9696 x 10" n~3 gec”

2
2

sec”

Thne reliability of the limit of this series in expressing the true val-
ue of g et any altitude is unknown to the authors of this report. It is
assumed thet thic function represents the best available analytical expres-
sion for g in terms of Z and $. The small mumber of aveilable terms and
significant figures, however, places limitations on the evaluation of the
series at high aliitudes.

2. Prcblem

It is necessary to determine the 1imitations which the small number of
terms and the smsll number of significent figures place upon the evaluation
of the Tunction at various eltitudes. It is further necessary to compare
the results of the adjusted, inverse-square-law function for g with the
values obtained from the infinite series function for g.

*

The extent to which the availebility of only five terms limits the value
of g at various altitudes has been studied for the case where ¢ = 45° 32' LO"
with the results indicated below. In the course of the analysis it was found
that several additional terms were necessary to determine the value of g to
the desired accuracies abt altitudes above 150 lm. The values of the addi-
tional terms were estimated by graphical extrapoletion, and refined values
of g were computed for various eltitudes. These values of g were then com-
pared with values from the inverse square law, using the efiective earth tg
radiue at 45° 32' k0" as determined in Appendix M.

3. Results., Concerning Required Number of Terms in Equation (N-3) For
Various Degrees of Atcuracy

Equstion (N-3), limited to four terms as published, provides accuracles e
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of one part in 9,800,000, or seven significant figures, for altitudes up to
. " only about 60 km. The fifth tecrm permits the equation to be.used up to

: aoout 150 lon with the same accuracy, provided that the coefficient of the "
third term has one additional significant figure. 3By means of extrapcla- ) ﬂ‘
tion it was estimated that with five additicnal terms in Eq. (N-3), g could "
be determined to the stated accuracy for altitudes up to 1,140 km, provided -
a sufficient numoer or significant figures avre added to all the terms be- Jd
yond the first two. For other acenracies the maximum altitude Lo which g : i
mey be cemputed with a given number of terms in Eq. (N-3) is given in Table )
(N-I), negiecting significant figures in existing terms.

—— ———

Number of Number of Significant Figures Required in g
| Terms
’ Available 2 3 4 5 6 7 -~ 8

260 80 25 8

: 700 320 150 75 60 20

1100 650 370 200 1190 A0 35

; 1000 640 koo - 250 150 100 .
950 610 Loo 260 180 ; ;

1300 500 610 440 320
1100 860 610 180

1200 830 620

1140 800

[
O\ O O\ £ 0

Table N-I. Estimated maximum altitude in km for which a specified
number of terms in Eq. (N-3) will yield eaccuracies of
a specified number of significant figures in g, pro-

vided the various coefficients have a sufficient number .

uf significant figures.

Resuits, Concerning Limitations Due to Available Significant Figures in
Bquations (1i-1) and (N-3).

The mumber of significent figures in the coefficients of Eq. (N-3) stems
directly from the number eavailable in the coefficients of Eq. (N-1). An
analysis of the limitations of these equations shows that for g accurate to
four significent figures, these equations may be used up to 1,400 xm.

For five-significant-figure accuracy in g, the accuracy of the coceffi-
cients limits the caleulatiens to eltitudes belew 1,300 km; ror six-signifi-

|
caub-Tigura sccuracy in g, the calculations are rcstricted Lo altitudes be- . :
low 500 ¥m: while for scven-and eighfesignificant-figure accuracy in g, the . X
maximum permissible altitudes are only 150 and 50 ki, respectively. (see ‘
figure N-6) ;
|

166

Rawdt] ol shaazdac o Bnd wasrook ane i pomt

i ot .
":me-ﬂh—w.'n—-“b»wu._..,.\., e e
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Applying these rcstrictions to Table N-I, cue obtains Table N-1I.

Number of Number of Significant Figures Reguired in g
Terms
Available . 3 L 5 6 1

80 25 8
150 75

370

1000 640

1300

-

60
110
250
420
500
200
20

[EIEISIEEIS ¥

=

/

Table N-IT. Estimated mavimum aititude in km for which & specified
nunber of terms of Eq. (N-2) will yield a specified num-
ber of significant figures' accuracy in the value of g,
with the significant figures of existing coefficients
limiting the results.

NOTE: Illnderiined fioures ere those limited by the number of
significant figures in coefficients.

5. Resuits of Comperison of Velues of g from Equation {N-3) with Inverre-
Square-Law Values of g

The inverse-square-law values of g, for ¢ = hs® 32' 4O", when the effec-
tive earth's radius is used, are in goud agreement witnh the values of Eq.
(N-3), with no differences occurring in the fifth significant figure below
100 km. Above this altitude the differences increase rather rapidly to a
peek at 500 km, after which they fall off to zerc somewhere between TOO and
800 ¥m and incresse negatively above that altitude. This lerge fall-off is
due principally to the omission of term six which becomes extremely signif-
{cant in the series at this altitude. Since this term is negative, its
presence would reduce the value of Eq. (N-3) at these altitudes and tend to
retein the increasing difference with the inverse-sqQuere-law value.

Values of g were recelculated from Eq. (’.\I- 5) on the bases of four addi-
tional terms determined grephically, and these new velues of g were then
compared with the inverse-square-law values. In this latter comparison,
the differences increased uniformly with altitude. Curves B and C of Fig.
N-1 show the graphs of the two comparisons. Curve A in this figure shows
the departure of the five-term-series value of g from the estimated nine-
term-series value of g. Curves A and C are essentially the error curves
of the Pive-term-series Tunction and the inverse-square-law funciion,
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vespeetively, assuming the nine-term-series value of g to be the most cor-
rect. At 150 km, the five-term-series function provides two more signifi-
cunt figures then the inverse squere lew. As altitude increases, however,
the differential in accuracy drops proportionately to one siguificent fig-
ure at 320 lm, and no difference at 750 km. A comparison of the maximum
aliitudes to which the five-term-smries function and the inverse-syuare-law
function may each be used for various accuracles is given in Table N-III.

Significant Figures
L 5 6 7

8
5 term series 6ko koo 250 150 50
inverse square 500 130 Lo 10 5

Table N-ITI. Comparison of marimum altitude to * -ich each
of two functilous of g may be used ror Tive
differenl degrees of accuracy.

The numerical value of g by the several methocfs and the numerical differ-
ences between these values are given in Table N-VI.

6. Method of Analysis

The analysis was performed by using twenty-one values of Z between 1
end 1,000 km, and independently evaluating each of the five terms of Eq.
(N-3). The logarithms of the absolute values of each term were plotted es
a function of the number of the term, and points corresponding to the same
value of 2 were connected to form the solid line portion of Fig. N-2. The
lines were then extrapolated to regions corresponding to higher order terms.
The velues indicated for these terms by the extrgpolations then served as
estimated values for these terms.

The velues of the seversl terms were then plottcd as a functiorn of alti-
tude, as in Fig. N-3, with solid liunes ronnecting the computed terms, and
vroken lines connecting the estimated terms. .The analysis of the contribu-
tion of varying nunbers of terms to the value of the total function was then
made visually from this greph.

B SO

The significant figure snalysis was performed on tabulated values of
the several terms (Table N-IV and Table N-V) and the net results are plotted
on Figs. -4, N-5, and N-6.

.

\
ari o dee Al aneen

Favss 185 s tbubo st iidee o cab v <hip dal ion o

4
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Alt.
km.

1l
5
10
20
>J

Lo

50
&0
70
o
90

100
200
400
530

600
700
800
900
1000

2nd Term

.003,085,418,8
015,427,094
.0%0, 854,188
.061,708, 376
.092, 562,56K
.123,u16 752

.15%,270,940
.185,125,128
.215,979, 316
.26, 853, 50k
.277,687,692

.208,541,880
.617,083, 760
.925,625,6%
1.234,167,52
1.5k2,709,k40

1.851,251,28
2.159,793,16
2.1468,335,0k
2.776, 876,92
3. 085 ,14»18 50

»rd Term

.000,00, 725, 38
.000, 018,13k, 22
.000 072,538,
.000 200,152,11
.000 652,8h3
.001,160 669

.001,813,452
.002,611, 372
1003, 55k, %67
.00k, 642,

.005,875,_2

.007,2¢3,81
.009,015,212
.C65,284,3
.116 o@,g
.181, 35,2

.261, 12%,_2;
.355,k4

L ok,ehﬂ 1
-587 5

. 725,301

4th Term

.000,000,000,151
.000,000, ’018 965
.000,000,151,693
.000,001,213,51
.ooo,ooh,o9s,@
.600,009, 708,0

.000,018,961,1
.000,032,7

000,052,029,3

.000,077,665
.000,110, 581

.000,151,689
.001,913,%6
.00k, oc;zs3
.0C9,708,1
.018:96' 1

.032,764,8
.052,029,3
07T, 2%
.110,581
.151,@

5th Term

.000,000, 000,000,029
-000,000, 000, 018 56
.000,000,000, 296 ,96
.000,000, ool+
000,000, oeh o5k
.ooo,ooo,o76 022

Til

.000,000, 185,60
.000,000, 381, 8
.000,000, 713,

.000,001,216,35
.000 001,9h8 3

.000,002,969,6
.ooo oh’{,515

10, 5L -

.ooo, 760 22

£
001, 856,C

.003,848,6
.007,130,0
.012, 163,12
.019,485
.029,696

Table N-IV. Values of the first four varieble terms of Eq. (N-3) for
varivus altitudes from 1 km to 1,000 km.

NOTE:
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100
200

300
Loo

500

600
700
800

900
1000

6th Term

.000,000,05
.000,001,8
.000,012
.000,055
.000,15

.000,42
:030,9
.001,7
.002,6
.00k, 5

Tth Term

.000,000,001
.000,00C,08
.000,000,8
.000,003,5
.000,012

.000,045
.000,11
.000,24
.000, 4
.000,7

8th Term

.000,10

9th Term

.000, 000,000
.000,000,000
.000,000, 000
.0C0,0C0,001
.000,000, 05

.000,000,3
.000,001,5
.000,003,5
.000,006,5
.000,013

Table N-V.© Estimated velues of terms 6 through 9 of Eq. (N-3j
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Alt.
km

2

ol

g* from 5
terms of

Eq. (N-3)

g* from
cstimated

9 terms of
Eq. (N-3)

E¥8ounwr

88333

1000
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Table N-VI.

g. 803: )65: 30
9.791, 2hl 06
9.775,868, 42
9. 7&5,2};,;6
9.71k,738,52
9. 68h 388,35

9.654,18¢,19
9.62h 113,15
h ,186,36
.56k, 398,93
9.534,750,01

9.505,238,75
9.217,512,92
8.942,656,38
8.679,912,89
8.426,581,0k4

8.188,009,42
7.957,392,42
7.736,766,50
T.525,006,62
7.321,823,2k

9. 803)565:506
9.791,241,021
9.775,868,19
9. Th 5,230,5 6
9.714,736,2"
9.684,384,2

9.65k, 173,
9.624,103,8
o.,,h 173,71
9.56k,382
9-53’*,729

9.505,213
9. 217:hl5
8.942,45
8. 6(9:59
8.428,18

8.187,61
T7.957,29
7.737,0
7.526,2
7.324,6

identical
to

ad jacent

column

departures
from g*
are
underlined
below

9.217,k1k
8.9h2,hk"
8.679,5%
8.428, oTI

8. 182,2&
7.956,5
1. 735:’2
7.52%,0
T 32031

-.002,8

same as g - g&*

000, 5k

.000, 76
-001,00
.001,2
.00L,0
.001,1

Q
3
]
e~
B
]
&
e}
K=
P
Ll
e J
Q
b
Q
N
0

figures.

number of significant

Vuelues of the acceleration of gravity for various altitudes

computed from three different equations as indicated, and
the differences between these values of the ecceleration of
gravity.

Underlined numbers in Column g* irdicate figures of questionable

significance.

Underlined numbers in Column g*indicate figures differing from

Column g¥*.

(<] s .
By . )
TR 1928526 A 2 e e it 0 s
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T. Conclusions

e. TFor mcect cagincerling purposes, the adjusted inverse-square-law
function for g provides adequate accuracy.

b. For the standard atmosphere, and for future editions of this MODEL,
the values of g should be computed on the basis of an expanded version of
Eq. (N-3) in which & minimum of three, and preferably five, edditional
terms are enmployed, and in which sufficient additional significant figures
are provided for the various limiting coefficients, particularly coeffi-
cients cf terms 3, 4, and 5.

o G0 08200 U 2 ey rediiems we s smare TR s
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NEGATIVE IBRANCH OF 8
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——— A, 9t — .:=
B, 9 —g¢g*

te—ee— C, g — g /

r
WHERE ¢ » c.(;—x')

g% IS EQUATION (N—~3) TERMINATED
AFTER 5 TERMS,

9** IS EQUATION (N-3) TERMINATED
AFTER 9 TERNS, /

[
- 4
w
P
W
x
(=]
|
x®
x
W
o
>
-
-
-2
<

/
/

/

el

I

o] -

.000,000,1 000,001 .000,0! .0Cs,

DIFFERENCE IN+m sec™2
¢ FIGURE N-1 DIFFERENCES BETWEEN THE VALUES OF THE ACCELERATION ™
OF GRAVITY COMPUTED FROM THREE DIFFERENT EQUATIONS.
erp 173

MARCH (98Y
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<

PERCENTAGE ERROR

‘//
h\%ﬂp

1 L1
30

50 100 300 500 1000 3000

10
ALTITUDE IN KILOMETERS

FIGURE N-4 PERGENTAGE ERROR IN THE VALVE OF
THE AGCCELERATION OF GRAVITY AT VARIOUS ALTITUDES
INTRODUGCED BY THE SIGNIFICANT FIGURE LIMITATIONS
OF THE SEVERAL TERMS OF EQUATION N-3.

R
/

Vi

<
T
N

I

100 300 500 1000

PERCENTAGE ERROR

ALTITUDE IN KILOMETERS

FIGURE N-5 ESTIMATED PERCENTAGE ERRORIN THE .
VALUE OF THE AGGELERATION OF GRAVITY AT VARIOUS
_ALTITUDES INTRODUGED BY THE OMISSIONS OF TERMS
6,7, 8 AND 9 OF EQUATION (N-3).

Y p——

z. e
252 o e 2 T
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e S _:» P e e adi ]

SIGNIFICANT FJGURES

\_
| 1 i .i.. \

30 50 100 300 500 1000

ALTITUDE IN KILOMETERS

FIGURE N-6 (A) MAXIMUM NUMBER OF SIGNIFICANT

FIGURES AVAILABLE FROM THE EXISTING 5 TERM VERSION
OF EQUATION N-3, FOR VARiIOUS ALTITUDES.

(B) THE MAXIMUM NUMBER OF SIGNIFICANT
FIGURES' OF THE VALUE OF g AT VARIOUS ALTITUDES,
COMPUTED FROM THE ADJUSTED INVERSE SQUARE LAW,
WHICH ARE IN AGREEMENT WITH VALUES COMPUTED FROM
EITHER THE 5 TERM OR 9 TERM VERSION OF EQUATION

(N-3).
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APPENDIX O

Scal: Height

1. Geometric Scale Height

First Couccpt - Scale height is equal to the height ebove any reference
eltiiude at which ihe atmospreric pressure falls to 1/e of the pressure at
the reference sltitude in a constant gravity, iscthermal atwmosphere.

In a manner analogous to the deveiopment of Eq. (15) in terms of H
(Section 3.2.1), the following equation is dcveloped in terms of 2:

e s eme be Tt e e = amdmte Ss = mw o we ce

v (0-1)

For the cese of an isothermel lasyer in a constant gravity atmosphere,
Eq. (0-1) upon integration leads to

SQMQ
P = P, expornential - (2 -2).
b m Zb

It i5 noled that in a constant gravity atmosphere:

R*(Ty,)
—giM.—be.:(Hs)b’

and it follows that

P = P, exponcntial - (2 - 7,)
b (HB)b

For the caée that

-

(2 - 7,) = (Bg)y »
Eq. (0-4) simplifies to

P =P~b e"l =Pb/e .

F] 4L T SRR I OO ORI W PRI TS T S
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et e = —n e ittt ¢ = = i s W e f ::‘_“:;_;b:r_:;:;_ R

g SEe ot T TR A L et Do TTEE
R -,.;_-';55: O S ST SO S, ISP wlr >3-4 R LS S \‘:_.;;:' S S = - )

;11[“" T - N U |
g - . b
3 “-;5 ) . .£
“ “'-J 1
. . : 4
M It appears, therefore, that in a constant gravity atmosphere and in a ih
. layer of constant T);, the scale height at any reference level is the incre- gk
- ment in geometric altitude required for the pressure to fall to 1/e of the . i
valuz at the reference level. Since this JODEL does not assume constant i!‘
i
[

gravity. the above conceot does not apply rigorously in these tables. In the
special case, where sea level is the reference altitude the sume concept

7 . would apply but only if the isothermal layer is assumed to extend dowm to
there, and only for a constant gravity atirosphere.

Second Concept - In an atmosphere of constant g and ccnetant Ty, the
scale height at aeny altitude is equal to the total mass of air in & unit
colun extending upward from that altitude to infinity, divided by the den-
slty at the reference altitude. .

From Eq. (33) one obtains

e —_—= . . 0—7) !
P, o By
. In a constant T, atmosphere, Ty = (Ty)y, and thus,
P .o
= = . 0'8
i Equation (0-2) may then be rewritten as e .
o 8o '
i p = exponential - . (0-9)
] P (Tl

The total mess in a unit column frcm the reference level to infinity is:

o9} f70) geM .
/;b pdz = pbbe exponential = R-%-:;S; (2 - 2y) (c-10) !

r . o
= pb[i*:(_'rﬁlg} le@onential - ﬁ%ﬁ%ﬁ (2 - Zb)] (0-10a)
Iz,

gOO

. . om bt o e —

. 179
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R*(Ty)y, _®
<P | Tegh, || - e (0-10b)

R*(Ty)
=p, -sng;—b (0-10c)

R¥(Ty)y,
80 (2}
follows that

Since = scale height at Hb in a constant gravity atmosphere, it

w
(1), =%€j paz.
zb

Thus the assertion of Concept 2 is demonstrated.

Third Concept -~ In a constant-g, constant-Ty, constant-M atmosphere, the
scale height at any altitude is equel to the total number of particles in a
column of unit cross section extending from a reference level to infinity,
divided by the number density at that altitude.

From Egs. (26) and (27) of Sections 5.2.1 and 5.3.1, respectively, it
Pollows that:

(0-12)

(0-13)

vwhere m = the mass of 2 single air particie.

Thus p=nm

and pb=nbmb

Thus it follows directly from Eq. (C-11) that
[o0]

A " o N
‘Humi-‘-uu-uw.‘.:hmt.Ku,,-.....nmhnu..wm B
B
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The right-hand side of this equation would not strictly equal the total
muber of atmospheric particles in the colunn, unless the moleculer welght
were constant. Thus, for the assertion of the third ccneept to be rigor-
ously correct, it was necessary to make the restriction of constant molec~
wlar weight in addition to the restrictions made in the first and second
concepts. With this constant-M restriction, Eq. (0-17) becomes

(0-18)

and the assertion is demonstrated. It is noted that a corollary teo the
third concept is that scale height is the length of the unit column neces-
sary to enclose all the atmcspheric particles normally present in an infi-
nitely long unit column, extending vertically above the reference altitude,
whcen these particles are compressed to the number density at the reference
level. Hence, this quantity is the besis for corputing reduced thickness of
the atmosphere. Such computations are limited by the fect that constant
gravity, constant Ty, and constant molecular welghts are assumed in the
derivation of the expression.

2. Geopotential Scale Height

Geopotential scale height was defined in Section 4.2.3 of this peper as

H8 =&
R*Ty,

In terms of this property the several concepts developed above do not have
the restriction of a constant gravity atmosphere. Thus Eq. (15) of Sectien
3.2.2 may be rewritten as

)
P = P, exponential - (Tl (8 - H). (0-19)

For a geoputential altitude increment equal to the geupotential scale height

: (H-Hb)=m=ﬁs',
GMO

1
‘(

Higteaig

b

e
’_"
4 i,
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n = ‘,..‘-L -
PPt

R .

and hence Eq. (0-19) reduees to

H Siahd

J

o
o ssbrediaghedd

P =P /c. (0-19a)

|
i

Note that no essumption of censtant gravity is mede, only constant TM‘
Hence, a revision of Concept 1, eliminating the constant gravity restric-
tions, will apply rigorously in this MODEL in isothcrmal layers. For ex-
emple, He' at 11 km' is 6.341,615,82 x 10° m'. Thus, at 17.341,615,82 ka',
the pressure will be Pll/e , Where Pyy is the pressure at 11 km. At 1k km',

Hg' has the same velue; hence at 2C.3%1,615,82 x 107 m' altitude, the pres-
sure will bve Plh/e' The geomstric aliitude increment, however, will be

different in the two instences » accounting tfor the effect of variable g on
the pressure.

In geopotential form, Eq. (0-10) may be rewritten as

@ ® M,
be pdH = pbj;b exponential - R (T (B - B). (0-20)

By analogy this reduces to

(Hg')y = %’; ® pan. (0-21)
Hy,

This equation and concept rigorously apply to isothermsl layers of this
MODEL.

Bquation (0-16) is converted by enalogy to

a0
a1
(5 ') J..H";p
s ‘b My

If constant molecular weight is assured, this equaticn becomes:

o]
(5,") == ndH. {0-03)
“b /R

b

This equation would provide a better basis for computing reduced thickness

[EARTNIFVIFOL TYTV § VRO WIS 1 VY TR
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for this MODEL than Eq. (0-18), but Eq. (0-23) is similarly limited by con-
stant M and constent Tl- assumptions. Thus, for still greater accuracy of
reduced-thickness galculatlons censistent wilh this MCDEL, additioral equa-

tions accounting for varievle M and ’[‘M must be developed.

BrTrTTE

f’(?

=
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APPENDIX P

x;;.

More Accurele Method for Computing Geopotential in this Meodel

1. Adjusted Classical Approach

Equation (2d) of this paper indlcates the rigorous relationship between
geopotential H, geometric altitude Z, and the acceleration of gravity g to
be

f
H = % j gz, (P-1)

When g is expressed by the classical, inverse-square law, adjusted for
45* 321 LO" latitude,

g = g (;}Z)e , (P-2)

the expression for geopotential becomes

- f

G \r+2

H = 92( rZ), (P-3)

L
i
s
.
i
i
‘
L";
&
&
o,
b

vhere g, end r have the values 9.80665 m sec™2 and 6,356,766 m, respective-
ly, as indicated in Section 2.1.

&, Lambert Series Method

In Appendix N, another expression for g in texms of Z for latitude 38
I5° 32' LO" was developed from Lambert's general amlternating power series.
This specific expression is

ety e = o

g =¢y - cpl+ <:3Z2 - cz‘Z3 + c5zl‘ - e (p-4)

cy = 9.806,65 (exact) m sec™2,
cp = 50,8514.188 x 10710 m° sec‘aé
cy = T25.38; x 10715 m! sec”
5 L o-20 2 -2
ey 15.1689 x 10 m < gec” <,
cg = .29696 x 10725 m~ sec™2,
Z is in meters, and
& is in meters sec™2, .

DRI Rew T VT ReY 1Y)

.
Ferne idbidavalivac s didiai e

U IR R I TS RIR R YT e e e <

e SV e e e = e

‘

-
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Yhen this expression for g is introiuced into Eq. (P-1) the expression for
H beccmes

= [f --cz,f'Z(I.Z-v-c'/dZdZ--«':1:/‘7 Z3dz+cb;[ dZ-...] (p-5)

where H is in standard geopotential meters.
[}

Performing the indicated integration one obtains

H=§~.z-3322«»3_3.23-%21‘1»%25-..., (p-6)

where the coefficients of the various powers of Z have the following numer-
ical values:

= 1.0 exact

= 1,573.125,g x 10°10

= 2h.65, x 10712

= 386,609 x 10-20

¢ = T x 9.506,65

25
532 696 x 107

—_ =, -25
5% " 5% 9.0806.65 006,0563 x 10

Hence one obtains
H = 2 - 1,573.125.g 1071022 + 24654 x 1071525
- 386,609 x 1072074 .006,05¢5 x 1072527, ,. {P-7)

(where the exponents have beea selected for convenience when Pis expressed
in units of 107 meters).
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valuating the five defined terms or Bq. (P-7) for varlous altitudes
Ydields the dats presented in Table P-I. An examination of the logarithms
of successive terme of the series evalueted for particular altitudes shows
that the absolute magnitudes of successive terms fall off very nearly at a
constant rete, or, in other words » the logurithmic decrement of succesgive
terms is very nearly constant. Examples of this nearly constant logarith-
mic decrement, Alog, are given for 1,000, 200, ani 100 Xm.

Alt. 1,000,000 m 300,000 100,000 m
Term # Logyy Term Alog Logyy Term Alog Loglo Term Alog

1 6.000,00 5.477,12 5.000,00
.803,2)4 1.326,11 1.803,24

2 5.196,76 4.151,01 3.196,76
N -8ok, 84 g 1.327,72 1.804,84

3 -391,92 2.823,29 1.391,92
.80k, 55 1.327,43 1.804,55

4 3.587,31 1.k95,86 9.587,31
-805,16 1.331,64 1.805,16

5 2.752,21 .16h,22 7.782,21

NOTE: Underline indicates non-gignificant digits.

3. Extension of the Lanbart Series

The departure of the logarithmic decrement frem linearity is less than
one half nf one persent vver the five available terms for the altitudes dis.
cussed. On the average, the @ifferer-ec between the logaritims of successive
terms increase very slightly with increasing term number. It is not unrea-

{ additional
serles. Employing this pettern, the values of the n nth term
of Eq- (P-7} for 1,000, 300, and 100 km are 3.6 x 1071, 4.9 x 10° , and
3.6 x lO"l(S » respectively, in standard geopotential meters.

Estimated values of the 6th, Tth, 8th, and 9th terms of Eq. (P-7) for
various altitudes may also be determined grephically by pPlotiing the loga-
rithms of the various terms as functions of term number » and connecting
those points corresponding to each specific altitude as in Fig. P-1. These
lines are then extended lirearly to higher term nurbers as in the dashed
line portion of Fig. P-1. The estimated values of terms 6, 7, 8, and 9 of
Eq. (P-7) determined graphically on u figure three times ag large as Fig.
P-1 are given in Table P-IT. Graphically determined values of the ninth

erm of Eq. (P-7) for altitudes of 1,000, 300, and 100 km differ from the
threz computed values given above by less than 10 per cent.

A replotting of the data of Table P-I in terms of the value of each
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term of Bq. (P-7) as a function of altitude is given in Fig. P-2. The es-
timated velues for the Gth, Tih, 8th, and 9th terms o the equation come
from Fig. P-1. PFigure P-2 clerrly shows the contrivution which cach term
in the series makes to the value of gecpotential of a given geometric alti-
tude. Figure P-2 demonstrates that for errors in geopotentiel ¢f less than
.1 m', the five term version of Eq (P-7) may bec usced only to altitudes of
sbout 280 km, neglecting the possible limitations due to significant fig-
ures.

4. Comparisoun of tne Three Methods

The values of geopotential in stendard geopotential meters for various
gecmetric altitudes are given in Teble P-III. Values designated by H are
camputed from the simple Eq. (P-3). Values designated by H* are computed
from the five defined terms of Eq. (P-7). Values designated by B*¥* are
those resulting from the estimated nine-lerm version of Eq. (P-7). The
values of the differences H - H¥, H - P¥¥ and H* - F** are elso given in
Table P-III. The difference H - E*¥* is cf perticular interest, since it
indicates the amount of error in geopotential altitude incurrecd by using
the simple Eq. (P-3) instead of the nine-ierm version of Fq. (P-T). (Below
100 km altitude the error is less than 0.l m'.)

5. Limitation of the Five Term Lambert Serics Due to Nimhers of Tersms

Because of the increase of centrifugal acceleration with altitude wnich
is not accounted for inm Eq. (P-3), the departure between the value of H
frem Eq. (F-3) and the velue from Bg. {F-7) is expected to increase with
2ltitude. The reverssl of the trend resulting in smeller departures (i.e.
smaller values in H ~ H*) above 800 km suggests the inadequacy of the five-
term version of Eq. (P-7). The difference H - H** involving the nine-term
version of Ea. (P-7) continues to increase tc altitudes well over 1000 km.
A graph of the various differences is given in Fig. P-3.

6. Limitetions of the Flve Term Lembert Series Dus to Significant Figures

An analysis of the values and number of significant figures of terms 2,
3, b, end 5 of Ea. (P-7) as listed in Table P-I indicates the limitations
which the nunber of significant figures of each term place upon the computed
value of geopotential. The results of this anslysis are presented in Fig.
P-k. Below 10 km altitude, the number of significant figures in term num-
ber 2 is seen to limit the accuracy of Eq. {P-7). From 10 km to about
3,200 ¥m gltitude, term auber J limiils the eccuracy of the equation. pro-
vided a sufficient number of terms is employed so that the number of terms
does not limit the accuracy at some altitude below 3,200 km.

T. Combined Limitetions of the Lambert Series

The minimum mmerical error obtainsble with the existing five-term ver-
sion of Eq. (P-7) is given as the three-segment curve A of Fig. P-5.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/03/20 : CIA-RDP81-01043R002600070006-6

otk e SRS ik

Segment a represents the limitation due to significent figures of term 2;
segment b represents the limitation due to significant Tigures of term 3;
vhile segment ¢ represents the limitation due to the termination of the
series after term 5. Line B of that same gruph represents the minimum nu-
merical error incurred in using the simple equation for geopotentiel, Eq.
(P-}). This error is determined from the values of H - H*¥*. The differ-
ence between these two curves (given more accurately by velues of H - R*

in Table P-I1L) shows that for altitudes between 10 and 500 ¥m, an improve-
ment of only one significant figure in gecpotential altitude is obtained by
switching from Be. (P-3) to the presently availeble form of Eq. (P-7).

8. Requirements Which the Extended Lambert Series Must Meet

In order to obtain the ten significant figure accuracy desirable tor
standard etmosphere computations at altitudes of 300, 500, and 1,000 lan;
three, four, and eight additional terms, respectively, must be developed
for Eq. (P-7). Also, the following numbers of significant figures should
be evailasble for the several coefficients:

Alt. 200 km 500 km 1,000 kn
Term # Number of Sig. Fig. Number of Sig. Fig. Number of Sig. Fig.

[

O ROWw FUOU O OO O

Ny g Ay g b

v

O £ A= OO

PR

S I QL PP PR 4 VS SR

These requirements reflect back directly upon Lambert's general expres-
siocn for g as & functicn of Z and ¢; i.e.,

g =cy - (ap + by cos 2¢)z + (a.5 + by cos of)z2

- (ay + by cos 2525)2.3 + (as + b5 cos 2¢)Zh’
- e +oaee (ref. 38)(P-8) -

b s amy M@ anme &
S ————— —

’

L vetihs ailbimbaie it eibidt Sd ezt otk g
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8, +.. a, and by, b, by,

Alt, 30 _km

L
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~
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To meet tne above requirements for latitude 90° ; the coefficients a,, a,,
-« b of Eq. (P~8) muct have

numbers of eighif-
te the following:

500 km 1,000 km

n

o
=]

HOW oo db

O O3 0N U

10
11
12
13

ht:‘

8, bp

i

U v 00
F DWW -

’_l
HFPOMPW &FUiov-a -3 o0 o
FROOW WHEEwnm viun-gay

required for the case when @ = 90°.
nificanl figures so as not to invali

9.

Conclusions

is physically
sary acecuracy in Eq. (P-4) or Eq.
eration of gravity in Eq. (P-4) or

engineering purposes. Only a
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To meet standerd atmosphere requirements at letitudc 45 352° Lo,
ver of cignificent figures reguired for b, would be one to two less than
In any case, ‘bn must have erough sig-
date the accuracy of a,.

tical and does not consider whether it
possible to obtain the geq_uired nunber of terms or the neces-
(p-8).

Eq. (P-7) is physically possible through a better expression for the accel-
Eq. (P-8) and 1if one must resort to ar-
bitrery deiinitions as in the standard sea level pressure, then it is sug-
gested that Eq. (P-2) for g be retained by definition,
potential is given by the simple Eq. (P-3), sufficiently accurate for most
study of Lambert‘s unpublished method for the
development of Eq. (P-8) will suggest the course to follow.

This analysis is strictly matheme

the num-

If no substantial improvement of

in which case geo-
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